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Abstract  
 

More than 20 years after its discovery HIV protease still remains one of the primary 

targets in HIV treatment. Currently there are 9 approved protease inhibitors on the market. 

However, due to immense replication rate and the high error prone nature of reverse 

transcriptase, resistance to each of them has already been described. Therefore, the search 

for new protease inhibitors with different binding mode is still active. A novel type of 

protease inhibitors (1, 4-benzodiazepine analogs) was recently discovered in our laboratory. 

Even though this new class of inhibitors is highly potent (Ki´ in range of 10-9), it also has 

several undesirable qualities, such as low solubility and a high number of stereogenic 

centers. Primary objective of this study was to try to prepare more soluble compounds with 

lower number of possible stereoisomers, enzymologically characterize its binding to the 

wild-type and mutated HIV protease and to determine its structure in the complex with the 

enzyme.  

A small library of 1, 4-benzodiazepine inhibitors of HIV protease was synthesized 

and fully characterized using NMR spectroscopy and mass spectroscopy. The number of 

stereogenic centers was successfully reduced from 4 to 2 without loosing activity of the 

inhibitor. The improvement in solubility was always associated with a dramatic decrease in 

activity. Therefore, all structural and kinetic studies were performed with the most potent 

inhibitor with limited solubility. The mechanism of inhibition of HIV protease was 

determined kinetically and the specificity of action was confirmed using two other proteases. 

After several steps of optimization, well diffracting crystals of HIV protease-inhibitor 

complex were obtained. The effort to determine the 3D structure of the complex is going on.  

 

Key words: HIV protease, 1, 4-benzodiazepines, rational drug design, protein crystallization  
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Abstrakt  

 

HIV proteasa zůstává jedním z hlavních terapeutických cílů při léčbě HIV. 

V současné době je na trhu 9 schválených inhibitorů HIV proteasy. Nicméně, díky vysoké 

chybovosti reversní transkriptasy byla vůči každému z nich již popsána rezistence. Právě 

proto hledání nového inhibitoru s rozdílným vazebným modem je stále aktuálním tématem. 

Nový typ proteasových inhibitorů (1, 4-benzodiazepinové analogy) byl nedávno objeven 

v naší laboratoři. Tato nová skupina látek je velice aktivní (Ki v řádech 10-9), ale zároveň má 

několik nežádoucích vlastností, mezi které patří například špatná rozpustnost, či velké 

množství stereogenních center. Hlavním úkolem této práce bylo pokusit se připravit 

rozpustnější sloučeninu s menším počtem možných stereoisomerů, enzymologicky  

charakterizovat její vazbu na přirozenou a mutantní proteasu z viru HIV a určit její strukturu 

v komplexu s tímto enzymem.    

 Malá knihovna 1, 4-benzodiazepinových inhibitorů byla připravena a plně 

charakterizována pomocí NMR spektroskopie a hmotnostní spektrometrie. Počet 

stereogenních center byl úspěšně zredukován ze 4 na 2 bez jakékoliv ztráty aktivity. Zvýšení 

rozpustnosti vedlo vždy zároveň i ke snížení aktivity. Všechny strukturní a kinetické studie 

byly prováděny s nejaktivnějším inhibitorem, který byl ale omezeně rozpustný. Byl určen 

mechanismus inhibice HIV proteasy a ověřena specificita účinku vúči dvěma dalším 

proteasám. Po  několika krocích optimalizace byly získány dobře difraktující krystaly 

komplexu tohoto inhibitoru s HIV proteasou. Na vyřešení trojrozměrné struktury tohoto 

komplexu se dále pracuje.  

 

Klíčová slova: HIV proteasa,  1, 4-benzodiazepiny, racionální design inhibitorů, proteinová 

krystalizace 
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1. Introduction 
 

1.1 Current State of the Research Field  

 

Almost 30 years have passed since the Acquired Immunodeficiency Syndrome 

(AIDS) was described by Centers for Disease Control and Prevention. Since then, enormous 

efforts have been put into exploring the mysteries of the disease. It took only two years for 

Prof. Montagnier and his team [1] to isolate a retrovirus belonging to the family of human 

T-cell leukemia viruses (labeled LAV, but later named HIV) from a Caucasian patient with 

pre-AIDS symptoms. All this work could not have been done without Robert Gallo, who 

also contributed considerably to the field of studying the virus [2]. Two of the pioneer 

scientists (Luc Montagnier and Françoise Barré-Sinoussi) were awarded The Nobel Prize in 

physiology or medicine “for their discovery of human immunodeficiency virus“ , which 

further shows how important the research was.  

International Committee on Taxonomy of Viruses named the virus as Human 

Immunodeficiency Virus (HIV). HIV belongs to the family of Retroviridae, genus 

Lentivirus. Lentiviruses are so called “slow viruses” characterized by prolonged incubation 

period. There are two different subgroups of HIV: HIV-1 and HIV-2. HIV-1 is the virus 

firstly isolated by Montagnier group, while HIV-2 was isolated couple of years later from a 

patient in West Africa [3]. HIV-1 and HIV-2 strains differ greatly (e.g. only 50 % genetic 

alignment, interaction with different receptors) and it is believed that they come from 

different strains of simian immunodeficiency virus (chimpanzee and sooty mangabey 

monkey, respectively) [4]. Considering some of these major differences between the two 

strains, one is not surprised that the infectivity and prevalence contrast quite a bit - HIV-1 is 

far more spread as it is infective (the infectivity ratio HIV-1/HIV-2 is 3.55) [5].  

HIV-1 further divides into four groups: M (major), O (outlier), N (rare form found 

almost exclusively in Cameroon) and P (prototype – closely related to gorilla simian 

immunodeficiency virus [6]).  Group M is the most prevalent and consists of 9 subgroups: 

A, B, C, D, F, G, H, J, K. Some sources add a 10th group named CRFs (circulating 

recombinant forms), which are hybrids of two subgroups [7]. Subgroups are usually 

associated with geographic regions, e.g. subgroup C is predominant in Southern and Eastern 

Africa and it is responsible for approximately 50 % of all infections (in Europe it is mostly 
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subtype B). It was estimated that all groups and subgroups had evolved from one single 

strain dating back to approximately 1930s [8].  

 

1.2 HIV Protein Equipment: Possible Therapeutic Targets 

 

The virion two copies of positive single stranded RNA encodes fifteen proteins, 

majority of which are synthetized in a form of polyproteins (Gag, Gag-Pol, Env) and have to 

be subsequently proteolyzed by viral (in case of Env by an endogenous) protease to become 

fully functional. Four of those fifteen proteins are structural proteins. Matrix protein (MA; 

coded for in the gag gene) interacts with the inner layer of lipid bilayer and it helps to 

anchor the envelope protein gp41 and gp120. Capsid protein (CA; gag) forms the core of the 

virus and it plays an important role in the assembly process. Nucleocapsid (NC; gag) binds 

and holds the viral RNA in place. The last structural protein coded by gag is known as p6 

and it contributes to binding of accessory proteins to viral particle. Glycoproteins encoded 

by gene env include gp120 responsible for the interaction with CD4 receptor plus an 

additional co-receptor (see below) and gp41 which mediates the fusion of cellular and viral 

membrane. Three other proteins are responsible for enzymatic apparatus of the virus. 

Reverse transcriptase (RT; pol) transcribes the viral RNA to double stranded DNA. 

Integrase (IN; pol), as its name suggests, integrates the transcribed double stranded DNA to 

a host genom. And finally – protease (PR; pol) proteolytically cleaves viral polyproteins into 

individual proteins (will be discussed below). Remaining proteins (Vif, Vpr, Nef, Tat, Rev, 

Vpu) are so called accessory proteins and are beyond the scope of this thesis [9].  

Almost every single protein listed above has been under heavy scrutiny as a potential 

therapeutic target, from the more obvious (inhibition of enzymatic apparatus) to a more 

complex (inhibition of HIV assembly/entry). This has resulted in countless promising 

inhibitors (some of them already approved) affecting various crucial parts of the virus life 

cycle. It has been suggested, aside from these conventional therapeutics, that inhibition or 

down regulation of protein-protein interactions between viral proteins and some host 

proteins that play key roles in viral cycle may also slow down the progress of infection 

[10,11].  
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1.3 Current HIV Therapy 

 

There are 32 antiretroviral drugs against HIV approved at the end of the year 2010 

[12]. These 32 drugs inhibit 5 key steps in the viral cycle: Maraviroc is an entry inhibitor 

that binds to CCR5 co-receptor preventing gp120 to interact with it and thus averting the 

viral particle from entry [13]. Enfuvirtide prevents fusion of virus with the host cell by 

binding to the N terminus part of the gp41, which does not allow so called gp41 “zipping” 

and, in the end, fusion [14]. Nucleoside inhibitors (zidovudine, emtricitabine, lamivudine, 

abacavir, zalcitabine, didanosine, stavudine and azidothymidine) and a nucleotide inhibitor 

(tenofovir) of reverse transcriptase lack the 3´ hydroxyl, thus terminating DNA elongation 

after being incorporated into a new DNA strand [15]. On the other hand the non-nucloside 

inhibitors (etravirine, delavirdine, efavirenz and nevirapine) of reverse transcriptase stop the 

reaction by interacting with the allosteric, non-substrate binding site of the enzyme [16]. 

Raltegravir, so far the one and only approved integrase inhibitor, prevents the viral 

transcribed DNA to be incorporated in the host genom [17]. Protease inhibitors will be 

discussed later in detail. 

Despite a large number of highly potent inhibitors that have been reported and 

approved as drugs, we are nowhere close to curing the disease completely. Administering 

these drugs jointly in so called Highly Active Antiretroviral Therapy (HAART) significantly 

increases life expectancy, as well as the quality of life of HIV positive patients. 

Unfortunately, even this effective therapy eventually fails in a number of patients suffering 

from resistant forms of HIV caused by the low fidelity of the reverse transcriptase, an 

immense virus replication rate and evolution pressure brought about by the drugs. Therefore, 

development of novel antiviral compounds is still needed. 

 

1.4 HIV Protease 

 

1.4.1 Function of HIV Protease 

 

HIV protease (EC 3.4.23.16) is 99 amino acid long aspartic protease which forms a 

proteolyticaly active dimer responsible for processing of Gag and Gag-pol polyproteins. It is 

translated as a part of Gag-Pol polyprotein (encoded by pol gene) from which it is probably 

autocatalyticaly cleaved out [18]. HIV protease further cleaves the polyproteins at 9 specific 
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sites thus enabling viral maturation. No later than in 1987 Pearl et al postulated from 

genomic sequence that HIV genom codes a protease [19] which was immediately 

recognized as a possible therapeutic target [20]. This was proven by inhibiting the HIV 

protease by a non-specific aspartic protease inhibitor pepstatin and by the mutation of 

catalytic aspartates.  Both these approaches led to a release of immature, and therefore non-

infectious, viral particles [21].  

 

1.4.2 Structure of HIV Protease 

 

The structure of HIV protease was first predicted by modeling [22] and subsequently 

solved by both X-ray and NMR studies. Many laboratories around the world yearly report 

X-ray structures which include either novel interesting inhibitors or new mutations with 

explanations for lowered efficacy of inhibitors at the molecular level.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Structure of HIV protease in a complex with inhibitor lopinavir: The HIV protease 

is represented by a cartoon diagram, and colored in rainbow. The atoms of lopinavir are 

represented by spheres and colored green for carbon, blue for nitrogen and red for oxygen. 

The structure was prepared using PDB code 1MUI [23] and software PyMol [24]. 
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HIV protease is a homodimer with two aspartyl residues (position 25 and 25´) in the 

active site followed by threonine (position 26) and glycine (position 27), thus forming a 

typical catalytic triad of aspartic-type proteases. Aspartyl residues are located in close 

proximity to each other and are oriented almost in coplanar fashion. The whole core 

(catalytic centre) is rather rigid due to several hydrogen bonds (the interaction is called   

“fireman grip”) between the threonin in an immediate vicinity to the catalytic aspartates 

[25]. Aside from the catalytic triad there are several very important regions in protease: N-

terminal (residue 1-4) and C-terminal (95-99) parts of both monomers are important for 

dimerization of the protein and they are highly conserved. Residues 42-58 and 42´-58´ 

create beta hairpins, also known as flexible flaps (Figure 1, page 14), that play a key role in 

binding both the substrate, and the inhibitor. Flaps undergo a dramatic change when binding 

the substrate from so called open state to a closed state (Figure 2).  

 

Figure 2: Open and closed conformation of HIV protease: HIV protease undergoes a 

spontaneous dramatic change of the conformation in a solution upon binding of substrate or 

inhibitor. Open conformation is represented by a blue ribbon diagram and the closed 

conformation by a red ribbon. The structure was prepared using PDB codes 1MUI [23], 

1ZTZ [26] and software PyMol [24]. 



 16 

Protease in a solution usually occurs in a thermodynamically most stable conformation, that 

is the average of both, a state also known as semi-open which spontaneously switches to 

open and back [27]. NMR studies suggest these large-scale flap motions occur in a matter of 

microseconds to milliseconds [28]. 

 

1.4.3 Activity of HIV-1 Protease: From a Substrate to an Inhibitor 

   

HIV protease is a most peculiar enzyme which does not reveal clear consensus 

sequence among its 9 naturally occurring cleavage sites (Table 1). There are basically two 

possible types of cleavage sites: between aromatic amino acid (either Tyr or Phe) and Pro, or 

between two hydrophobic amino acids. S2 and S2´ pockets of the protease are strongly 

hydrophobic, however, both hydrophobic and hydrophilic moieties are observed in side 

chains of substrates. 

 

Substrate 

Cleavage site 
P5 P4 P3 P2 P1 P1´ P2´ P3´ P4´ P5´ 

MA-CA V S Q N Y P I V Q N 

CA-p2 L A R V L A E A M S 

p2-NC P A T I M M Q R G N 

NC-p1 E R Q A N F L G K I 

p1-p6 R P G N F L Q S R P 

TF-PR V S F N F P Q I T L 

PR-RT C T L N F P I S P I 

RT-RH G A  E T F Y V D G A 

RN-IN I R K I L F L D G I 

 

Table 1: Sequence of 9 cleavage sites of HIV protease. The protease cleaves between P1-P1´ 

(The Schechter and Berger nomenclature of subsites). Adapted from [29].   

 

There is no special preference for site S3, S3´ either, although at S3 we observe a slight 

favoritism for polar side chains (except of Leu in the cleavage site between PR and RT) 

[25]. For better understanding of substrate binding series of X-ray experiments were carried 

out by Jeyabalan et al [29]. Inactivated protease (D25N) was co-crystallized with 

oligopeptides corresponding to cleavage sites. It is not surprising that there is no universal 

pattern of binding interactions for the whole range of substrates, since the substrates are so 
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diverse. However, several pivotal hydrogen bonds were observed: eight conserved hydrogen 

bonds reaching from P4 to P4´ involve backbone of the substrates and primarily backbone of 

the enzyme (Figure 3). Specific interactions between amino acids from both substrate 

binding cleft (Asn25-Asp 29), and from flaps (Ile47-Gly49) with the substrate can be 

observed in Figure 3 [30].  Several structural waters in the x-ray structures were found as 

well; their importance will be discussed later. 

 

 

 

 

   

Figure 3: Substrate-protease conserved interactions: Hydrogen bonds conserved all over the 

substrate scope are depicted by solid lines, partially conserved hydrogen bonds are 

represented with dashed lines. Cyan and magenta show the backbone of the protease, while 

the backbone of the substrate is colored green. Side chains of the amino acids were omitted 

for clarity. Gray spheres stand for 5 structural waters. Adapted from [29]. 

 

Analysis of naturally occurring cleavage sites (well described in [31]) brought some 

significant, even crucial information needed for the design of an inhibitor: firstly, that 

protease is able to cleave between aromatic amino acid and proline (a rare cleavage site) and 

secondly, that S2 and S2´ pockets are strongly hydrophobic, a fact that has been generally 

utilized in inhibitor design.  
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1.4.4 Inhibition of HIV-1 Protease 

 

Two decades ago HIV protease was recognized as a novel potential therapeutic target 

for antivirotics [20] (reviewed in [32]. Since then massive endeavor has been put in finding 

protease inhibitors. This has led to an unprecedented development of methods in 

biochemical field, especially kinetic studies, methods studying 3 dimensional structure 

(X-ray analysis, NMR studies, computational chemistry), calorimetry and SPR (surface 

plasmon resonance) thus establishing the basics of what we now know as the rational drug 

design. Immense efforts resulted in the approval of 9 protease inhibitors in clinical use: 

saquinavir, ritonavir, indinavir, nelfinavir, amprenavir, lopinavir, atazanavir, tipranavir and 

darunavir. However, viral resistance to every single drug has been reported later (reviewed 

in [33]). 

 

1.4.5 Drug Resistance of HIV Protease 

 

There are numerous random mutations in newly released virions due to an extreme 

replication rate of the virus and high error-prone nature of reverse transriptase caused by the 

lack of proofreading activity.  In every single untreated patient there are as many as 109 

genetically distinct variants of HIV virus referred to as quasispecies [34]. If a selection 

pressure is applied, e.g. by inhibitors of protease, only viruses with beneficially altered 

protease function properly and are able to release infectious virions, hence spreading the 

mutation.  

There are two possible mutation types leading to the resistance to protease inhibitors. 

First are mutations in the gene coding for HIV protease. Two subtypes of mutations are 

recognized: major mutations usually occur first and they are directly responsible for 

decreasing affinity towards inhibitors. They frequently enlarge the catalytic site of the 

enzyme, thus weakening interactions between protease and inhibitor. Minor mutations are 

located outside the catalytic centre coping with a decreased affinity towards the natural 

substrate caused by major mutations. No less than 50 positions have been reported to be able 

to change [35] and up to 21 amino acid residues out of 99 can mutate in a single virus and 

still the protease preserves some enzymatic activity (5 % of wild type) [36]. Occasionally 

amino acid insertion occurs, ranging from 1 to 6 residues [37], which reduces the protease 

inhibitor susceptibility and improves viral replication [38]. The second type of mutations 

include mutations in Gag or Gag-Pol polyprotein. Mutations in the naturally occurring 
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cleavage sites of protease usually improve affinity of often already mutated protease to the 

substrate, restoring thus the viral fitness. Recently, a fascinating novel type of resistance was 

reported by Nijhuis et al [39]. Mutation in Gag polyprotein, not far from cleavage site 

NC↓p1, enhances processing by the protease by unknown mechanism, thus decreasing the 

susceptibility of the virus to the inhibitor. Interestingly, they appear prior to the PR 

mutations. 

 There are two possible ways of combating resistance: either by increasing plasma 

concentration of protease inhibitors or by preparing novel inhibitors already designed 

against resistant strains of HIV. The mutations characteristic for resistance to each protease 

inhibitor will be discussed later. 

 

1.5 HIV Protease Inhibitors 

 

 As previously mentioned, currently there are 9 protease inhibitors (PIs) approved by 

Food and Drug Administration (FDA). All of them are competitive inhibitors and they are 

approved for oral administration only. PIs often have undesirable side effects including 

lipodystrophy and gastrointestinal (GI) problems [40], and they are known to be responsible 

for lowering bone mineral density (leading to osteoporosis) [41] (side effects will be 

discussed in detail with each PI). 

 First four PIs developed were later known as “the first generation of PIs”. A very 

fast development of resistance along with severe side effects and low bioavailability led the 

scientific community to further search for new inhibitors. A novel class of PIs, “the second 

generation of PIs”, already designed to inhibit the resistant strains of protease [42], with 

decreased adverse effects was developed. It did not take long though, before resistant strains 

were reported (reviewed in [33]) even for this new class. 

With newly emerging strains of HIV resistant even to the newest, most potent drugs 

the need for novel PIs remains a hot topic for both academia and for pharmaceutic 

companies.  
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1.5.1 The First Generation of Protease Inhibitors 

 

Saquinavir (SQV, Invirase®, Ro-31-8959, Hoffman-La 

Roche) [43] was the first PI to be approved by FDA in 

December 1995.  Designers of SQV exploited the ability 

of HIV protease to cleave peptide bond between Pro and 

aromatic amino acids (Phe, Tyr). It was expected that this 

unusual cleavage site would also guarantee specific 

inhibition, hence causing little side effects. Unfortunately this expectation proved to be 

wrong. Most common adverse effects of SQV include gastrointestinal (GI) problems 

(mostly diarrhea) [44]. SQV was designed to mimic the transition state of the enzyme with a 

partially reduced peptide bond to hydroxylethylamin moiety at the scissile bond Phe↓Pro. 

Further investigation of the parental molecule and subsequent changes to it yielded SQV 

(Figure 4) as a final product with in vitro IC50 as low as 0,4 nM [43]. However, 

bioavailability of SQV is very low and therefore it has to be boosted by pharmacokinetic 

enhancers (often by ritonavir) to achieve slower degradation rate. Another weak point of 

SQV is that 50 % of patients treated by SQV monotherapy develop major mutations (G48V, 

L90M) in the first year of treatment, thus decreasing the efficacy of inhibition 40 times [45]. 

 

Ritonavir (RTV, Norvir®, ABT-538, Abbot 

Laboratories) was approved by FDA shortly after 

SQV (1996) and it was the first PI approved in the 

European Union [46]. Originally the design of RTV 

was based on C-2 symmetric molecules supported 

by the fact that HIV protease consists of two 

identical monomers and therefore is C-2 symmetric. However, it was soon found out that 

even a symmetric inhibitor binds to protease asymmetrically [47]. Also any resistant 

mutation that would occur in the protease would double the effect of resistance. This 

subsequently led to the development of an asymmetric PI (Figure 5) showing high 

bioavailability with Ki as low as 10-9 (in vitro) [48]. Despite  promising clinical trials 

one year of monotherapy treatment resulted in the development of several major mutations 

(V82A/F/W, I54V, A71V, L10I), decreasing the efficacy of RTV 170 times [49, 50]. Due to 

the cross-resistant profile with other PIs together with severe side effects (namely GI 

problems) the treatment of HIV by RTV was subsequently abandoned. However, RTV was 
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found to be a potent inhibitor of cytochrome P450 3A4, an enzyme responsible for 

degradation of many xenobiotics. Therefore it is nowadays primarily and successfully used 

as a pharmacokinetic booster to other PIs [51]. 

 

Indinavir (IDV, Crixivan®, MK-639, Merck & Co.), an 

inhibitor mimicking transition-state complex, by hydroxyl 

ethylene isoster (Figure 6), was approved in 1996 [52]. After 

initial problems with solubility and later also with low 

potency in cell cultures (inability to cross lipid bilayer), it 

finally entered the clinical trials. Numerous side effects and toxicity (e.g. concerning lipid 

metabolism [53], urolithiasis [54]) are responsible for scarce use of IDV these days.  

Resistance to IDV is mainly caused by several major mutations: M46L, V82A/T/I, I84V 

[55]. 

 

Nelfinavir  (NFV, Viracept®, 141W94 or AG-1343, Agouron 

Pharmaceuticals) was the first PI to be approved for children as well 

as adults in 1997 [56]. NFV is the first PI that is not peptidomimetic, 

however, considering previous PIs reported by the company, 

peptidomimetic concept was used in the development of NFV [57]. 

NFV (Figure 7) is a sub-nanomolar inhibitor in vitro (Ki as low 

as 10-11), although major mutations drastically reduce NFV efficacy: D30N (often further 

boosted by N88D) and L90M causing an increase of the Ki values 20 fold (260 fold) and 9 

fold, respectively [58]. Interestingly, these two mutations are mutually exclusive [58, 59]. 

Common adverse effects of NFV are the same as of other first generation PIs – GI problems 

along with lipid metabolic disorders. 

 

Amprenavir  (APV, Agenerase®, VX-478, 141W94, Vertex 

Pharmaceuticals and GlaxoSmithKline) is the PI standing 

between the first and the second generation of PIs [60]. The 

main innovation APV has brought is the aromatic group 

connected to sulfonamide moiety (Figure 8). The aromatic 

moiety binds to S2´ subsite of the enzyme, while the sulfonamide is responsible for both 

binding to flap water, and for much greater solubility of the compound [61]. APV proved to 

be very effective in cell cultures (IC50=10-80 nM; 6.10-10 in vitro Ki) [62], however, it 
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became obvious as early as at the beginning of in vivo testing, that due to poor 

pharmacokinetics patients would have to take large number of pills several times a day. It 

was the main reason for discontinuation of the production of APV in 2003 and for its 

replacement by fosamprenavir. Prolonged treatment by APV selects the following major 

mutations - I50V and I84V followed by several minor ones- L10F, M46I/L, I54L/V [63, 64]. 

Increased blood levels of both cholesterol and triacylglycerols is very typical of APV [65]. 

 

Fosamprenavir (FPV, Lexiva®, VX-175, GW433908) is 

metabolically cleaved by phosphatase to yield APV hence 

making it a pro-drug of APV (Figure 9) [66]. It was approved in 

2003 and it greatly improved poor pharmacokinetic properties of 

APV and decreased the daily intake of pills (from 8 to 2) [67]. 

Both its resistance profile, and its side effects are comparable to those of APV. 

 

1.5.2 The Second Generation of Protease Inhibitors 

 

Lopinavir  (LPV, Kaletra®, ABT-378, Abbot Labotratories) 

is the first second generation PI approved in 2000 and it has 

been used mostly in drug-naive patients. LPV (Figure 10) is 

never administered alone and has to be delivered with 

ritonavir as a pharmacokinetic booster. The goal of Abbot 

Laboratories was to develop a PI effective against already 

mutated forms of the protease based on the previous knowledge of RTV resistance. The 

most important information was provided by crystallographic data showing interaction 

between isopropyl of RTV and valine of protease in position 82. This strong hydrophobic 

interaction was very susceptible to mutation (V82A/F/T) which notably decreased RTV 

efficacy. Effective changes in the side chains of RTV in P2´ and P3 positions led to the 

development of a very potent PI (cell culture IC50= 6,5 nM [68]) with a better resistance 

profile than that of RTV.  Resistance to LPV is caused by as many as eleven mutations: 

L10F/I/R/V, K20M/R, L24I, M46I/L, F53L, I54L/T/V, L63P, A71I/L/T/V, V82A/F/T, I84V 

and L90M [68]. Single mutation responsible for significant decrease of inhibitor binding is a 

very rare amino acid exchange I47A [69]. 
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Atazanavir (ATV, Reyataz®, BMS-232632, CGP 73547, 

Ciba-Geigy and Bristol-Myers Squibbs) was approved in 

2003 and it is a typical PI mimicking the transition state 

of protease with phenylalanine in P1 position. However, 

two moieties, very distinct from any previous PIs, are 

present in the molecule: carbohydrazide (often referred to 

as “azapeptide”) and a spacious 2-azabifenyl group in P1 

position (Figure 11). ATV is compatible with once-daily dosing (first PI of such a kind) and 

it still retains a high potency comparable with the first generation of PIs (IC50=2,7 10-9 in 

cell cultures) [70]. ATV, in contrast to other PIs, causes little gastrointestinal troubles as 

well as little side effects for lipid metabolism. However, a common adverse of ATV effect is 

indirect hyperbilirubinemia often leading to jaundice. Even though it is not dangerous, this 

side effect often leads to discontinuation of the therapy [71]. Resistance profile is very 

distinct from others with major mutation I50L which is most critical for the development of 

resistance. There are several more mutations responsible for further reinforcement of 

resistance:  K45R, A71V, G73S, I84V and N88S (the last two are major mutations) [72]. 

 

Tipranavir  (TPV, Aptivus®, PNU-140690, Pharmacia & 

Upjohn and Böhringer-Ingelheim) is a first non-peptide 

inhibitor ever marketed, approved in 2005. Design of 

TPV was based on the evidence that phenprocounum is a 

low micromolar PI [73]. A wide screen around this 

compound resulted in PNU-140690 (Figure 12), PI that inhibits protease in vitro Ki 

of 8.10-12 and preserves high efficacy even with highly mutated viruses [73]. For this reason 

TPV is often prescribed to drug-experienced patients [74]. The crystallographic studies 

provided an explanation for this unique behavior. There are three major contributors to the 

binding: hydroxyl group binds both aspartic residues in the catalytic centre in a symmetric 

fashion, carbonyl group and oxygen present in pyron binds strongly to a flap region (I50 and 

I50´ respectively; see chapter 1.5.4.2 ) and sulfonamide moiety makes several hydrogen 

bonds in the active side [75,76]. Tipranavir is an inducer of CYP450 and therefore it has to 

be boosted by an increased dose of RTV. As many as 16 mutations have been found to 

couple PR resistance (L10V, I13V, K20M/R, L33F, E35G, K43T, M46L, I47V, I54A/V/M, 

Q58E, H69K, V82L/T, N83D, I84V) [77].  Unfortunately TPV is considerably hepatotoxic 

which makes it a less favorable drug, especially for patients with hepatitis co-infection [78]. 
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Darunavir  (DRV, Prezista®, TMC-114, UIC-94017, 

Tibotec) is the latest approved PI (2006). Investigation of a 

possible substitution of P2 moiety (tetrahydrofuranyl) in 

amprenavir led to the formation of a small library of several 

highly potent PIs [79]. Darunavir with amprenavir`s P2 

tetrahydrofuranyl moiety, changed to 3(R), 3a(S), 6a(R)- 

bis-tetrahydrofuranyl [80,81] group (Figure 13), proved to be the superior. This small 

change in the structure led to significant changes in the drug profile. The in vitro Ki of 

darunavir is 16. 10-12 (37 fold improvement compared to APV) and its excellent activity in 

tissue cultures makes it one of the most active approved PI [80]. DRV boosted by RTV 

proved to be superior to LPV/RTV in efficacy, side effects and adherence both in patients 

with less advanced disease [82], as well as in patients with previous multiple drug 

experience [83]. This is in line with a high number of mutations accumulated in DRV 

resistant proteases – Lambert-Niclot et al identified 10 major contributors to the resistance: 

V11I, V32I, L33F, I47V, I50V, I54L/M, G73S, L76V and L84V (mutations in positions 47, 

50, 54, 76 and 84 are major mutations) [36, 84]. A combination of several such mutations 

 

 

 

 

 

 

 

Figure 14: Catalytic centre of HIV protease in a complex with darunavir. A crucial 

interaction of darunavir`s bis-tetrahydrofuranyl moiety with aspartates in positions 29´and 

30´. The hydrogen bonds are depicted as dashed lines. Nitrogens are shown in blue, oxygens 

in red, sulphur in yellow. Water molecule is displayed as a red sphere. Adapted from [85] 
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is required to decrease efficacy of the DRV sufficiently. A series of high-resolution 

crystallographic studies was conducted explaining an improved binding of DRV as well as 

its high genetic barrier for resistance (several mutations had to be accumulated to decrease 

the potency significantly) [36, 85]. Several crucial hydrogen bonds can be observed in the 

protease-darunavir complex (Figure 14, page 24). The hydroxyl group of DRV binds equally 

to all four oxygens of catalytic aspartate carbonyl groups, sulfonamide oxygens bind to flap 

water (region of Ile 50 and Ile50´) and aromatic amino moiety forms two hydrogen bonds 

with the aspartate in position 30. All these bonds are similar to those of amprenavir. What 

makes the interaction so different is the bis-tetrahydrofuranyl moiety, that forms four 

hydrogen bonds (3 to backbone and 1 to side chain) with aspartates 29´ and 30´ (Figure 14, 

page 24) [85]. It has been shown that hydrogen bonds with the backbone of protease are 

responsible for a unique resistance profile of DRV [86]. Further crystallographic studies 

revealed rather obscure second binding site of darunavir (and subsequently aprenavir) on the 

surface of mutated proteases (V32I, M46L) [87]. Kinetic analysis [88] confirming the 

second binding site and thus disproving the hypothesis that the second inhibitor might be a 

crystallographic artifact was conducted.  

 

1.5.3 PIs in Clinical Trials and Newly Reported Inhibitors  

 

Even though one would think that the repertoire of PIs is already sufficient, the 

opposite is true. Academia, as well as pharmaceutical companies, are still looking for novel 

PIs that would have less adverse effects (especially those concerning GI problems and lipid 

metabolism abnormalities) and would be effective against the multi-resistant strains of HIV. 

An ideal PI would have the genetic barrier strong enough that any mutations decreasing the 

susceptibility to the PI would ultimately lead to its inability to process the natural substrate. 

In search for such a compound, a huge number of novel PIs have been reported. It is neither 

possible, nor it is the aim of this study to list all the novel PIs, but some interesting examples 

will be discussed below. 

 

PL-100 (Ambrilia Biopharma, Merck & Co.) resulted 

from a wide screen of lysine substituted compounds 

[89]. An original library displayed fair potency (Ki 

around 10-9 or slightly lower [89]) which was further 
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improved by screening alternative groups connected to the previously unsubstituted amine. 

The best result was achieved due to the introduction of methyl carbamate (Figure 15, 

page 25). A compound, later named PL-100, similar to amprenavir and darunavir with its 

sulfonamide moiety (Figure 15), had a Ki as low as 4.10-11 which makes it the best 

compound from the screen [90]. PL-100 proved to retain its high activity even with strains 

resistant to commercial PIs [91]. Further studies proved that PL-100 has a high genetic 

barrier and partially resistant mutant (approx. 10 fold decrease of activity) was isolated from 

cell cultures after 25 weeks. It has been shown that this mutant has unprecedented two 

mutations in active centre, T80I and P81S, the second has to be compensated by two other 

mutations, K45R and M46I. However, this quadruple mutant proved to be more susceptible 

to treatment with saquinavir and nelfinavir [92]. In 2008 Merck & Co. put further 

development of PL-100 and its prodrug PPL-100 on hold after the first tests in healthy 

volunteers [93]. They are currently looking for back-up molecules [93]. 

 

Brecanavir (BCV, GW640385, GlaxoSmithKline) resulted 

from the series of studies conducted in GlaxoSmithKline. 

The major aim of the studies was to find a new inhibitor 

that would exhibit completely different resistance profile, 

hence showing no cross-resistance with commercial 

substances. This was carried out by changing the well 

known scaffold containing the bis-tetrahydrofuranyl and 

aryl sulfonyl moieties at P1 and P1´ sub-sites. A number of very promising compounds 

emerged from these studies led by GW 640385 (BCV, Figure 16). Even though BCV has a 

high protein binding to human serum albumin (98 %), it still retains high efficacy. BCV 

reaches the incredible Ki of 15.10-15 in vitro and sub-nanomolar IC50 in cell cultures, making 

it the strongest binding inhibitor ever found [94-96]. This could lead to a very low dose of 

BCV and therefore to little side effects. However BCV, like many other PIs, has to be 

boosted by RTV. Mutations associated with BCV`s decreased IC50 were V32I, I47A/V, 

G48V and I50V [97], although the decrease of the IC50 is not very dramatic (mean 5.5-fold). 

Further development of BCV was put to stop by GlaxoSmithKline after the second phase of 

clinical trials due to poor bioavailability [98].  
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GS-8374 is a typical example resulting from hard work of 

smart patent lawyers. The GS-8374 (Figure 17) was 

designed to increase the solubility in water as well as to 

improve the pharmacokinetics of already known darunavir 

derivate TMC-126 [99]. Based on crystallographic data of 

TMC-126/HIV protease complex a substituted phosphonate 

group was attached to hydroxyl moiety. It was expected 

that it would stick out from the enzyme, and therefore would not interfere with the 

inhibitor`s binding. The idea was that “protective groups” on phosphonate would be cleaved 

inside the cell making the drug charged, and hence more soluble. Both presumptions proved 

to be correct. Moreover, an improved resistance profile resulted from the phosphonate 

attachment. Mutations L10F, M46I and I50V that were reducing the activity of TCM-126 

70 times caused only 4 fold reduction with GS-8374 [100]. Series of crystallographic and 

ITC studies were conducted to shed the light on the mystery. Surprisingly, the phosphonate 

moiety was responsible for the increased activity with mutants by “anchoring” the inhibitor 

in the solvent, thus enabling the inhibitor to adapt to changes [100].   

 

Several other darunavir analogs were designed 

mostly to combat both the known resistant strains as 

well as the newly emerging ones. Two examples for 

all may be inhibitors SPI-256 (Figure 18) developed 

by Sequoia Pharmaceuticals Inc. and GRL-02031 

reported by Gosh et al. SPI-256 was specifically designed to fight common mutations 

V82A/T/F, L90M, I84V and N88S. Indeed, this compound shows no dramatic decrease in 

activity with these mutants and it shows a very good activity against 50 multidrug resistant 

strains (sub-nanomolar activity in cell cultures). SPI-256 was in phase 1 of clinical trials 

[101], however, it any further development was put to a stop due to financial problems of 

the company. GRL-02031 shows an excellent activity with all resistant strains it has been 

tested with, it is not cytotoxic and is awaiting its clincical trials [102]. 
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AG-001859 is a relatively newly developed PI by Pfizer 

containing ((2S,3S)-3-amino-2-hydroxy-4-phenylbutyric acid 

Figure 19). This compound proved to be an excellent starting 

molecule and several other reported PIs include this moiety 

[103]. AG-001859 is a tight binding inhibitor, highly active against both wild-type and 

I84V/L90M mutant (Ki lower than 10-9). The activity of AG-001859 in cell cultures ranges 

from 14-60 nM. The potency of AG-001859 was further evaluated by testing on a panel of 

44 various resistant strains where it proved to be superior to SQV, APV, NFV, IDV and 

LPV [104]. No further report on this drug has been accounted for which can either mean that 

the molecule is still in preclinical trials, or that the research has been put to a hold. 

 

1.5.4 Other Non-Peptidic HIV Protease Inhibitors 

 

 Soon after the approval of the first peptidomimetic inhibitors it became obvious that 

non-peptide like compounds will be the future target for scientist, since peptidomimetic PIs 

showed very poor pharmacokinetics. Hundreds, maybe thousands of promising structures 

have been reported from various screens and libraries up to now. Naturally, the goal of this 

thesis is not to discuss them all; I would rather focus on a small group of interesting 

compounds with unique properties or structures which will be discussed in detail. 

 

1.5.4.1 Difluoroketones as pseudo symmetrical PIs 

 

As early as in 1993 Sham et al reported [105] a series of small 

molecules mimicking the transition state of protease by completely 

different means than other PIs so far. While all approved mimetic 

compounds have a hydroxyl moiety present in the molecule 

mimicking the transition state of cleavage, Sham et al used highly 

electronegative fluorine instead. The molecules are almost 

symmetrical with P1 and P1´ occupied by two phenyls (Figure 20 – various groups stand for 

R in the structure).  In vitro activity of this group is rather weak compared to recently 

developed PIs (Ki slightly lower than 10-9) [105], however, the difluoroketone is an excellent 

example of novel  peptide bond mimic. 
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1.5.4.2 4-hydroxypyran-2-one and its analogs as a starting scaffold  

 

Inhibition abilities of 4-hydroxypyran-2-ones scaffold were 

firstly reported by Upjohn laboratories in 1995. In search 

for novel non-peptide PIs wide screening of as many as 

150 000 compounds was conducted which led to the 

identification of phenprocounum (Figure 21a) as a potent 

PI, molecule with 4-hydroxybenzopyran-2-on scaffold 

[106,107]. This new non-peptide micromolar inhibitor was 

co-crystallized with HIV protease and several interesting 

features were discovered. The hydroxyl moiety of inhibitor 

forms a hydrogen bond to catalytic aspartyl residues, while 

the lacton (both oxygens) binds to flap region, specifically 

to residues Ile50 and Ile50´, displacing  the structural flap 

water (Figure 22, page 30). This makes it an ideal starting 

candidate for further PI development. The previous knowledge of peptide inhibitor binding 

was applied to the new scaffold by molecular modeling. Hydrophobic and aromatic moieties 

were introduced with a hope that they would occupy the hydrophobic S2-S2´ pockets 

(subsequently proved in crystallographic studies). Even though very potent in enzyme 

assays, the PI was not effective in cell cultures which led to further changes resulting in 

CI-1029 (Figure 21b) [108,109]. CI-1029 shows a mediocre activity in cell cultures but it 

has a unique resistance profile caused by exclusive structural and binding properties. It 

should be noted that these studies played a key role in the discovery of tipranavir, the first 

and sole non-peptide PI ever approved.    
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Figure 22: Catalytic centre of HIV 

protease complex with phenprocounum. 

Hydroxyl group of phenprocounum 

forms several hydrogen bonds to 

catalytic aspartates and the lacton group 

forms two hydrogen bonds to Ile50 and 

Ile50´, providing unique binding 

properties of 4-hydroxypyran-2-ones. 

Hydrogen bonds are displayed as red 

dashed lines, oxygens are red, nitrogens 

blue. HIV protease is displayed in the 

cartoon diagram. Prepared by using PDB coordinates 4UPJ [107] and software PyMol [24].  

 

1.5.4.3 Cyclic urea based PIs 

 

The design of cyclic urea was based on computer 

modeling from the start with little experimental data. It was 

suggested that the introduction of rigid seven-membered ring 

with two hydroxyl groups mimicking the transition state, as well 

as a carbonyl group (Figure 23) replacing a molecule of 

structural water in flap region, would provide excellent 

specificity among the aspartic proteases. Further substitutions on 

this C2 symmetrical framework then improved the binding ability of this new PI. The 

original unsubstituted molecule had K, of 10-6. However, by adding two benzyl groups 

(position 4 and 7) and two naphthyl groups (connected to nitrogens 1 and 3) in symmetric 

fashion the value of Ki decreased by four orders of magnitude [110].  The information, that a 

moiety as large as naphthyl can be incorporated into the PI proved to be useful in follow-up 

studies. A lead structure was identified with para-(hydroxymethyl) benzyl (DMP-323) 

attached to nitrogen 1 and 3 [110], however, both poor solubility and bioavailability led to 

yet another screening of nitrogen substituents. m-amino benzyl substitution (DMP-450) 

proved to be best in terms of retaining the activity and improving solubility and 

bioavailability [111]. As it was assumed from the unorthodox binding profile, cyclic ureas 

were very specific toward the HIV protease [110]. Unfortunately, during the search for 
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resistant strains for DMP 450 it was discovered that very common single mutant V82A 

decreased the susceptibility 7,5 times and double mutant V82F, I84V, decreased it by 2 

orders of magnitude. This poor resistant profile led to a further development resulting in a 

series of new cyclic urea PIs with improved binding ability (Ki=2.10-11 or SD146) and 

resistance profile [112, 113]. It should also be noted that the work on structural analogs of 

cyclic urea PIs, cyclic sulfamides, has been recently published [114], but currently there are 

no PIs containing either scaffold in clinical trials. 

 

1.5.4.4 Inhibitors based on pyrrolidine motif 

 

Inhibitors with pyrrolidine motif were firstly reported by 

Specker et al in 2006. The concept of making pyrrolidine PI 

was based on two assumptions: first, that heterocycles, as 

shown with tipranavir, represent a great starting scaffold and 

second, that an aspartic protease renin showed to be inhibited 

by piperidine derivative with protonated nitrogen binding to the catalytic aspartates. 

Pyrrolidine was therefore chosen as a primary scaffold. Substitutents on this scaffold were 

designed according to X-ray structures of HIV protease with pepstatine [115]. This X-ray 

structure showed two strong hydrogen bonds from carbonyls of pepstatine to backbone in 

flap region (Ile50 and Ile50´) mediated by a molecule of water. Incorporating carbonyl 

groups (or any analogs, such as sulfoxides/sulfons) on pyrrolidine scaffold to carbon 3 and 4 

were expected to provide the same hydrogen bond network. Other side chains connected 

from these carbonyls were derived from amprenavir (Figure 24). Observed inhibition 

constants for racemic mixtures of this series of compounds were rather low compared to 

above listed PIs, in range of low micromolar. X-ray analyses showed unexpected binding of 

the PI, showing that only one sulfonyl group forms hydrogen bonds with the flap water 

[116]. Few more series of inhibitors based on this scaffold have been created later on. 

However, the inhibition constants have not improved sufficiently (best result was 70 nM) 

[117,118]. Even though pyrrolidine based compounds will probably never reach the clinical 

trials, they show an excellent example of a PI created by the rational drug design.  
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1.5.4.5 Icosahedral carboranes as potent HIV inhibitors 

 

Still existing need for novel core structures that would have little in 

common with previously reported PIs led to the discovery of boron 

based compounds reported in 2005 by Cígler et al [26]. A lead structure 

(GB-18, Figure 25) containing cobalt trapped between two 

1,2 dicarbolides shows some excellent desirable properties. Initial screen 

of derivatives from the core structure led to several highly potent PIs 

with EC50 in cell cultures reaching sub-micromolar concentrations and 

Ki as low as 10-9. Crystallographic studies of the lead structure showed several interesting 

features: HIV protease binds two molecules of bis(1,2 dicarbolide) to sub-sites S3 and S3´ in 

a semi-open conformation. The two bis(1,2 dicarbolide) molecules are bound in an 

asymmetric fashion and therefore form different van der Waals interactions with the 

protease (Figure 26). The main interactions include residues Ile47, Gly48, Ile54, Pro80, 

Val82 and Ile84. As mentioned above, residues 82 and 84 are very prone to mutation which 

could lead to a fast development of resistance [26]. Series of studies probing various linkers 

connecting the two carborane cages as well as their resistance profile were carried out. 

Interestingly, several compounds retain the same activity against variable resistance strains 

derived from patients and few PIs showed other than competitive mechanism of inhibition 

[109]. X-ray studies have shown the binding of the linked dimer. However, the link is so 

flexible that no electron density was observed [109]. Metallacarboranes with their unique 

binding mode along with a good cross-resistant profile show an excellent starting scaffold 

that may prove very useful in the design of novel PIs. 

 

Figure 26: HIV protease in 

complex with metalocarborane 

inhibitor GB-18. GB-18 binds 

mainly to S3 and S3´ sub-sites of 

the enzyme forming over 30 van 

der Waals interactions. HIV 

protease is represented by ribbon 

diagram, GB-18 is represented by 

spheres, orange is for borons, 

green for carbons. Prepared by using PDB coordinates 1ZTZ [26] and software PyMol [24]. 

Figure 25: GB-18 
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1.5.5 The Role of Pharmacokinetic Boosters and Other Ways of Improving 

Pharmacokinetics 

 

Since the introduction of ritonavir a new way to combat the fast degradation and low 

bioavailability of drugs has been shown. The half-life of all PIs increases dramatically when 

inhibiting the CYP450 (mostly isoenzyme 3A4 and partially 2B6), the biggest contributors 

to the metabolism of PIs and many other drugs. Therefore most PIs are co-distributed with 

RTV for improved pharmacokinetics [120]. It is not surprising that pharmaceutical 

companies are working hard on finding new boosters that would have less serious side 

effects than RTV and would not inhibit HIV protease (low doses of RTV are quickly 

selecting mutations). There are currently two pharmacokinetic enhancers reported to be in 

clinical trials. Gilead Sciences developed GS-9350 that has proved to be as potent as 

ritonavir in low dose and has little side effects. Gilead with Bristol-Myers Squibb are 

planning to form a “quad-pill” for the treatment of HIV that would include this new 

pharmacokinetic booster [121]. A second enhancer reported is SPI-452 by Sequoia 

Pharmaceuticals. This enhancer has been in the first phase of a clinical trial and it has 

proved to have much less side effects than RTV, while retaining the same boosting activity 

with darunavir [122]. 

A new impressive way of improving pharmacokinetic profile by the substitution of 

hydrogen atoms with deuterium atoms has been reported. This concept was exploited by 

Concert Pharmaceuticals Inc. who started working on the substitution of key hydrogens by 

deuterium in atazanavir (CTP-518). The company hopes that this will increase the half-life 

of ATV sufficiently enough so that co-administration with RTV will not be necessary any 

more [123]. 

 

1.6 1,4-benzodiazepine and Its Analogs in Clinical Care 

 

The history of benzodiazepines as pharmacologically important compounds began 

more than half-century ago. The first diazepine approved for clinical use was tranquilizer 

chlordiazepoxide marketed under the name Librium®, followed closely by the most famous 

diazepam (Valium) [124]. Originally diazepines were used predominantly as compounds 

affecting CNS function and they were often used for the treatment of insomnia and 

depression. Since then 1,4-diazepin scaffold and its analogs have been recognized as highly 
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drugable pharmacophores showing low toxicity and great bioavailability. During the last 40 

years diazepine scaffold was widely used in the treatment of various disorders and diseases, 

including the antiviral therapy which will be further discussed [125]. For further information 

of diazepine use in clinical practice see the review by Ramajayam et al [125]. 

 

1.6.1 Diazepines in HIV Antiviral Therapy 

 

Non-nucleoside reverse transcriptase inhibitors (NNRTI):  More 

than thirty different scaffolds have been reported as potential allosteric 

inhibitors of HIV reverse transcriptase, and four of them have already 

been approved. One of the four approved NNRTI, nevirapin 

(Figure 27), is a diazepin analog with dipyrido-1,4-diazepin scaffold. 

Unfortunately the most common double mutant Y181C/K103N significantly decreases the 

potency of nevirapin, as well as of two other approved NNRTIs. This led to the development 

of the second generation of NNRTIs directed against this double mutant. In 2005 O`Meara 

et al reported a series of diazepin based NNRTIs retaining high activity even against this 

double mutant and several other resistant viral strains derived from patients. These 

compounds show excellent bioavailability (ranging from 43 % to 100 %) as well as long 

plasma half-life, making it the most promising drugs. The lead compound is already in 

clinical trials [126].  

 

Assembly inhibitors: The capsid assembly is mainly driven by protein-protein interactions 

between capsid proteins (CA). Inhibition of this process leads to the development of 

immature virions that are non-infective. At the beginning of 2011 Fader et al [62] reported a 

series of 1,4-diazepin-like (Figure 28, page 35) assembly inhibitors resulting from a vast 

library screening. A series of X-ray and NMR studies revealed that this compound and its 

analogs bind to N-terminal domain of CA, a region forming protein-protein interaction with 

other CA molecule. Massive optimization of the parental molecule driven by the rational 

drug resulted in an inhibitor (Figure 28b, page 35) with sub-micromolar EC50 (cell cultures). 

However, follow-up studies showed that the high activity in cell cultures was partially 

caused by the side inhibition of reverse transcriptase. Since designers were looking for 

inhibitors with a new mode of action, this adverse effect proved to be most undesirable. 

Therefore further series of screening were conducted leading to the development of 

compound c (Figure 28, page 35), exhibiting low micromolar EC50 in cell cultures and 
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showing no side inhibition of reverse transcriptase. This new promising lead compound will 

surely undergo more side chain screenings and improvements in future [62]. 

 

 

 

 

 

 

Figure 28: Subsequent development of benzodiazepine assembly inhibitors reported by 

Fader et al [62]. Compound a resulted from a wide screen of compounds. Rational drug 

design led to compound b, which partially inhibits the reverse transcriptase as well. 

Compound c, a new lead structure, is a micromolar (EC50 in cell culture) inhibitor of HIV 

assembly [62]. 

 

Inhibitors of regulatory protein Tat: Tat (Trans-activator of transcription) is 

one of accessory proteins that is responsible for massive increase of transcription 

of RNA in infected cells. Inhibition of Tat slows the disease dramatically. First, 

Tat inhibitor, a benzodiazepine analog, (Ro 5-3335, antagonists of Tat) was 

reported as early as in 1991. However, due to a very high toxicity it could not 

enter the clinical trials [127]. A close analog (Ro 24-7429, Figure 29), also 

developed by Hoffmann-La Roche, with an improved toxicity profile entered the clinical 

trials. However, serious adverse effects concerning the CNS along with no observed anti-

HIV effect led to a quick discontinuation [128, 129]. Even though no inhibitor of tat has 

been approved so far, it still remains to be an attractive target in the treatment of HIV. 

 

1.6.2 Benzodiazepines as HIV Protease inhibitors 

 

A recent wide screen searching for novel assembly inhibitors conducted at the 

University Clinic in Heidelberg parallelly discovered several interesting inhibitors of HIV 

protease. A lead compound PI-29 (Figure 30a, page 36), a 1,4-diazepine analog, was picked 

as a promising and potentially “druggable” target with low micromolar IC50 for a racemic 

mixture. Interestingly, inhibition mechanism was shown to be mixed which was 

subsequently explained by X-ray studies later conducted by Šašková et al [130]. The 

crystallographic studies showed that two molecules of inhibitor bind to the active centre 
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(Figure 31, page 37), which is rather uncommon. By connecting the two molecules through 

the nitrogen atoms with two carbon link and a slight alteration of the molecule (synthetic 

reasons; inhibitor was labeled DIA-2, Figure 30b) the activity improved by almost two 

orders of magnitude. However, two major phenomena occurred, with the formation of the 

“dimer”: the first is a very low solubility of the compound and the second is a high number 

of stereogenic centers in the molecule resulting in 10 possible enantiomers. Considering the 

compound insolubility it is rather difficult to separate them, hence further adjustments to the 

lead molecule will be needed. These problems are rather challenging and attempts to solve 

them will be discussed further in this thesis. 

 

 

 

 

 

  

 

 

 

 

Figure 30: PI-29 (a) and DIA-2 (b): By linking the two molecules of PI-29 (with a slight 

alteration) the inhibition constants improved by two orders of magnitude. Stars in the 

scheme show stereogenic centers. Since there are 4 stereogenic centers and a C2 rotational 

axis in the dimer, there are 10 possible enantiomers.  
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Figure 31: Complex of HIV protease with two molecules of PI-29. HIV protease is shown in 

cartoon diagram, colored blue [130]; Prepared by using software PyMol [24] 
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 2. Aim of the Project 

 
The general objective of this study was to analyze the ability of novel 

benzodiazepine inhibitors to inhibit HIV protease, both the wild type and a highly resistant 

strain, and to determine structure and the binding mode of this novel type of inhibitor to the 

HIV protease. This includes both structural and kinetic analyses. Furthermore a small library 

of benzodiazepine dimers was created focusing on improving solubility and on simplifying 

the problem of too many stereogenic centers resulting in a high number of diastereomers.   
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3. Material and Instruments 
 

3.1 List of Chemicals  

 

Chemical  Company, country 

DMSO (99,9 %, dry) Fluka, Germany 

DMF (99,9 % dry) Fluka, Germany 

THF (99,9 %, dry, molecular sieves) Acros Chemicals, Belgium 

d6-DMSO (99,8 %)  Chemotrade, Germany 

Dichloromethane (DCM) (barreled, redistilled) Lachner, Czech Republic 

Ethanol (barreled, denatured) Lachner, Czech Republic 

Methanol (barreled, redistilled) Lachner, Czech Republic 

Toluen (99,9 %, HPLC grade) Fluka, Germany 

Ethyl acetate (barreled, redistilled)  Lachner, Czech Republic 

Diethyl ether (99,9 %, HPLC grade) Fluka, Germany 

Sodium hydroxide Lachner, Czech Republic 

5-Phenyl-1,3-cyclohexanedione Sigma-Aldrich, USA 

5,5-Dimethyl-1,3-cyclohexanedione Sigma-Aldrich, USA 

1,2-benzenediamine Sigma-Aldrich, USA 

Trifluoroacetic acid Sigma-Aldrich, USA 

Benzaldehyde Sigma-Aldrich, USA 

4-{[tert-butyl(dimethyl)silyl]oxy}benzaldehyde Sigma-Aldrich, USA 

Tetrabutylammonium floride Sigma-Aldrich, USA 

Triethylamine Sigma-Aldrich, USA 

Diethyl hydroxymethylphosphonate Sigma-Aldrich, USA 

4-Toluenesulfonyl chloride Sigma-Aldrich, USA 

Ethanedioyl dichloride (Oxalyl chloride) Sigma-Aldrich, USA 

Sodium hydrogen carbonate Lachner, Czech Republic 

Hydrochloric acid Lachner, Czech Republic 

Sodium hydride Sigma-Aldrich, USA 

Phosphoryl chloride Sigma-Aldrich, USA 

Diethyl difluoromalonate P&M, Russia 
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Acetic acid Lachner, Czech Republic 

Sodium acetate Lachner, Czech Republic 

Acrylamide USB, USA 

Ampicillin Sigma-Aldrich, USA 

Bromphenol Blue Serva, Germany 

Coommassie Brilliant Blue G250  Serva, Germany 

Sodium deoxycholate Fluka, Germany 

Silver nitrate Lachner, Czech Republic 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich, USA 

Formaldehyde Lachner, Czech Republic 

Glycerol Lachner, Czech Republic 

Glycine USB, USA 

Sodium hydroxide Lachner, Czech Republic 

Sodium chloride Lachner, Czech Republic 

isopropyl-�-D-thiogalaktopyranosid (IPTG) Biosynth AGm, Switzerland 

Kanamycin sulfate Sigma-Aldrich, USA 

Sodium lauryl sulfate (SDS) Sigma-Aldrich, USA 

LB medium Sigma-Aldrich, USA 

2-mercaptoethanol Sigma-Aldrich, USA 

2-(N-morpholino)ethanesulfonic acid (MES) USB, USA 

Methanol Lachner, Czech Republic 

N,N´methylenbisacrylamide USB, USA 

Ammonium persulfate (APS) Serva, Germany 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich, USA 

Ammonium sulfate Lachner, Czech Republic 

Tetramethylethylenediamine (TEMED) Sigma-Aldrich, USA 

Sodium thiosulfate Penta, Czech Republic 

Tris(hydroxymethyl)aminoethan (TRIS) USB, USA 

Triton X 100 Serva, Germany 

Sodium Carbonate Lachner, Czech Republic 

Bio-Rad Protein Assay Bio-Rad Laboratories,USA 
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3.2 Instruments 

 

• Centrifuges: Eppendorf centrifuge 5415R, Eppendorf (Germany) 

    Beckman J2-MI, Beckman Coulter (USA) 

    Sorvall Evolution RC, Thermo Scientific  (USA) 

• Rotary incubator Gallenkamp, New Brunswick Scientific (USA) 

• Sonicator: Soniprep 150, MSE  (USA) 

• Autoclave: MLS-3020U, Sanyo (Japan) 

• pH meter: Unicam 9450, Unicam (USA) 

• Spectrophotometers: UV-VIS Spectrophotometer UNICAM UV 500,  Unicam (UK) 

  UV-VIS Spectrophotometer SPECORD 21O, Analytik Jena   

(Germany) 

• Vertical polyacrylamide electrophoresis Amersham Pharmacia Biotech (Sweden) 

• Chromatography: ÄKTA explorer, Amersham Pharmacia Biotech (Sweden) 

• Thermostat: Techne, Cambrige (UK) 

  Thermomix BU, B. Braun (Germany) 

• Fluorescent reader: Tecan Infinite M 200, Tecan (Switzerland) 

• NMR: The Varian Unity-300 NMR Spectrometer, Agilent (USA) 

• Mass Spectrometer: Esquire 3000+, Bruker (USA) 

 

 

3.3 Other Material 

 

• FPLC column for ion exchange chromatography: MonoSTM HR10/100, Amersham 

Pharmacia Biotech (Sweden) 

• Dialysis membrane Spectra/Por, MWCO 6-8 kDa, SERVA (Germany) 

• Microcon Centrifugal Devices, MWCO 10000, Millipore (USA) 

• Chromogenous substrate KARVNle*NphEANleNH2 (prepared by Mirka Blechová at 

IOCB AS CR) 

• Molecular weight marker: Protein test mixture 4+5, Serva (Germany) 

• Protein crystallization kit: Crystallization Cryo Kit for Proteins Observation Sheet, 

Sigma (Buchs, Switzerland) 
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• Crystallization plates: Nextal plate (24 wells) Nextal Technologies, Qiagen, USA 

• Filter unit: GP 0,22 µm Filter Unit, Millipore (USA) 

• Dean-Stark Apparatus, P-Lab (Czech Republic) 

• CryoLoop (carious sizes), Hampton Researh (USA) 

 

Bacterial strains: Escherichia coli, Novagen   

    Strain: BL21 (DE3) RIL 

 

Plasmids:  pET-11c (Novagen) 

   pET-24a (Novagen) 
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4. Methods 

 

4.1 Bacteria Transformation 

 

Preparation of the agar plates 

8,75 g of LB agar were dissolved in 250 ml of water and the solution was sterilized by 

autoclaving at 121 ºC for 15 min. Slightly cooled down agar (~ 60 ºC) was supplemented by 

250 µl of kanamycin sulfate (40 mg/ml), and distributed on sterilized plates, forming a thin 

layer. 

 

The host strain E. coli BL21(DE3)RIL (Novagen) was transformed by expression vector 

coding the HIV-1 PR (either wt or mutant IA4). The procedure was carried out as follows 

[131]: 2 µl of the expression vector were injected into 150 µl of competent cells and left 

30 minutes on ice, followed by heat shock (42 ºC/90 seconds) and 2 minutes on ice. Cells 

were then incubated with 1 ml of medium (no kanamycine was present) at 37 ºC for 1 hour. 

Culture was then equally distributed on three plates and incubated overnight at 37 ºC. 

 

4.2 Protein Expression and Isolation  

 

Two enzymes employed in this study have been prepared – the wild type and highly 

mutated resistant strain IA4. Vectors for both coded proteases (pET11c for wild type and 

pET24a for mutant IA4) were prepared by colleagues in our laboratory.  

 

4.2.1 HIV-1 PR Expression in E. coli 

 

          150 µl of E.coli BL21(DE3)RIL strain (Novagen) were transformed as described in 

chapter 4.1. Proteases were then overexpressed using T7 promoter/T7 RNA polymerase 

transcription/translation system [132]: The E. coli BL21(DE3)RIL competent cells contain 

chromosomally integrated copies of gene for T7 RNA polymerase controlled by lacUV5 

promotor and it is therefore inducible by IPTG. This expression system has an extremely 

low basal level expression thanks to the repression by Lac repressor of T7 promoter.  
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          The expression of both HIV-1 proteases was performed as follows: Colonies freshly 

grown on three LBKAN+ (ckan=40 µg/ml) agar plate (prepared as described in 4.1) were 

suspended in 12 ml of sterilized LB-medium supplemented with kanamycin (40 µg/ml). 

2 ml of the culture were inoculated into 0,5 l of sterile LB-medium supplemented with 

kanamycin (40 µg/ml). Finally 3 liters of the cell culture were grown in a rotary incubator 

(Innova 4300, New Brunswick Scientific) at 37 ºC and 220 rpm. OD595 was measured during 

the expression. When the OD595 was approximately 0,75, IPTG was added into LB media to 

a final concentration of 0,8 mM to induce the expression of HIV-PR. The bacterial cells 

were peleted by centrifugation (6 000 g, 10 minutes, 4 ºC) after 3 hours. The cell pelet was 

weighted (wet biomass) and frozen to -80 ºC for further use. 1 ml of cell culture was taken 

as sample for SDS-PAGE analysis before and 3 hours after the induction. Cell suspension 

was centrifugated (16 000 g, 3 minutes, 4 °C), the pelet was suspended in 100 µl of water 

and stored in -20 °C for further analysis. 

 

4.2.3 Isolation of Inclusion Bodies 

 

Buffers: 

buffer A   : 50 mM Tris-HCl; 50 mM NaCl; 1 mM EDTA; pH 8,0 

buffer SA : 50 mM Tris-HCl; 1 M NaCl, 1 mM EDTA; pH 8,0 

buffer TA : 50 mM Tris-HCl; 1 % (v/v) Triton X100; 1 mM EDTA; pH 8,0 

 

         The cell pellet was suspended in buffer A (10 ml/1 g wet biomass). In order to 

mechanically disrupt the cell wall the suspension was three times frozen and melted again. 

To assist lysis, also 1% (w/v) sodium deoxycholate was added (0,5 mg/1 g wet biomass) and 

the mixture was left stirring for further 20 minutes at room temperature. The resulting 

viscous suspension was sonicated three times for 3 minutes on ice (Soniprep 150) with 

2 minutes pauses between each sonication and then centrifuged (15 000 g, 10 minutes, 4 ºC). 

The pellet was weighted and resuspended in buffer SA (10 ml/1 g wet pellet) followed by 

sonication (again three times 3 minutes on ice with pauses) and then centrifuged in the same 

way as previously. The same procedure was repeated with the last buffer (TA) and then 

again with buffer A. Finally, the suspension was centrifuged and the pellet of purified 

inclusion bodies was stored at -20 ºC for further use. Aliquots were taken during the whole 
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procedure, to monitor the course of purification of inclusion bodies by SDS electrophoresis 

(chapter 4.4.1) 

 

4.2.4 HIV-1 PR Renaturation  

 

Buffers: 

dialysis buffer :   50 mM   MES, 1 mM   EDTA,  10 % (v/v)   glycerol, 0,05 % (v/v)        

     2-mercaptoethanol, pH 5,8 

 

          Isolated and purified inclusion bodies (approximately 1 g) contain mainly denatured 

HIV-1 protease. The pellet was dissolved in 99% (w/v) acetic acid and further diluted to 

67 % by water after dissolving. The suspension was subsequently centrifuged (4 000 g, 

15 minutes, 4 ºC) and the supernatant was used for refolding procedure. The HIV-1 protease 

was refolded by dilution into 25-fold excess of water and left stirring at 4 ºC for 15 minutes 

(the solution of protease was added slowly dropwise to stirring solution). The whole solution 

was dialysed for 2 hours at 4 ºC against 3 liters of distilled water and then against dialysis 

buffer at 4 ºC overnight. Total time of dialysis was approximately 16 hours. The solution 

was dialysed in dialysis tubes (Spectra/Por) of molecular weight cutoff 6-8 kDa. The 

dialysate was centrifuged (15 000 g, 20 minutes, 4 ºC) and filtrated (see chapter 4.3). The 

pellet of unsolubilised inclusion bodies was stored at -20 ºC for further dialysis. The course 

of the renaturation and purification process was monitored by SDS electrophoresis 

(chapter 4.4.1). 

 

4.3 Protein Purification  

 

Buffers: 

buffer A (pH 5,8) : 50 mM MES, 10 % glycerol, 1 mM EDTA, 0,05 % 2-mercapto- 

        ethanol 

buffer B (pH 6,7) : 50 mM MES, 10 % glycerol, 1 mM EDTA, 0,05 % 2-mercapto-                    

        ethanol, 2 M NaCl 

 

          Dialysate containing renaturated HIV-1 protease was centrifuged (15 000 g, 

20 minutes, 4 ºC) and supernatant was filtrated through the filter unit 0,22 µm (Millipore) 
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before it was  purified  on  MonoSTM  HR10/100 column (Pharmacia) by cation exchange 

FPLC (ÄKTA explorer, Amersham Pharmacia Biotech). The column was washed with 

20 ml of buffer A followed by 10 ml of buffer B and again with 20 ml of buffer A. After 

sample application, column was equilibrated again with 10 ml of buffer A. HIV protease 

was eluted by linear gradient from 0 to 25 % of buffer B at 0,7 ml/s rate with increasing 

gradient by 1 % every minute.  Chromatography was monitored by on-line measurement of 

absorbance at 280 nm. The fractions were collected manually and each fraction was 

screened for protein concentrations (chapter 4.4.2), protease activity (chapter 4.5) and also 

analyzed by SDS electrophoresis (chapter 4.4.1). The fractions containing purified and 

active HIV protease were joined, concentrated, aliquoted and stored at -80 ºC. 

 

4.4 Protein Analysis 

 

4.4.1 SDS-Polyacrylamid Gel Electrophoresis 

 

Buffers: 

Sample buffer (5x concentrated): 3,5 ml 1M Tris pH 6,8; 3 ml glycerol; 1 g SDS; 600 µl 

2-mercaptoethanol; 1,2 mg Bromphenol Blue; water added to final volume of 10 ml. 

Electrode buffer: 25 mM Tris, 250 mM glycin, 0,1% SDS 

 

Expression and isolation of inclusion bodies, refolding and purification procedures of 

HIV protease were monitored by discontinuous SDS-polyacrylamide gel electrophoresis. 

The composition of 5% stacking and 18% resolving gels were prepared as described below: 

 

5% gel: 1,25 ml 1,5M Tris-HCl pH 6,8; 570 µl 44% acrylamide (42,8 g acrylamid, 1,2 g  

N,N´-methylenbisacrylamid, per 100 ml water); 0,5 ml 50% glycerol; 35 µl 0,2M EDTA; 50 

µl 10% (w/v) SDS; 10 µl TEMED; 100 µl 10% (w/v) APS ; 2,6 ml water 

18% gel: 2,5 ml 1,5M Tris-HCl pH 8,8; 4,09 ml 44% acrylamide; 1 ml 50% glycerol; 70 µl 

0,2M EDTA; 100 µl 10% (w/v) SDS; 10 µl TEMED; 90 µl 10% (w/v) APS; 2,21 ml water 

 

The samples were denatured by boiling for 5 minutes with the sample buffer. 

Electrophoresis was carried out in a vertical electrophoresis apparatus (Amersham 
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Pharmacia Biotech) and gels were run in a constant voltage of 140 volts for 2 hours. The 

separated proteins were silver stained as described in following table (Table 1): 

 

 

Table 1: Procedure for silver staining of gels 

Step Buffers Time 

1. 
12 % (v/v) acetic acid, 50 % (v/v) methanol, 0,02 % (v/v) 

formaldehyde 
30 min 

2. 50 % (v/v) methanol 3x15 min 

3. Na2S2O3.5H2O (0,2 g/l) 1min 

4. water 3x 20s 

5. AgNO3 (2 g/l); 0,02 % (v/v) formaldehyde 20 min 

6. water 3x20s 

7. Na2CO3 (60 g/l); Na2S2O3.5H2O (4 g/l); 0,02% (v/v) formaldehyde development 

8. water 3x20s 

9. 12 % (v/v) acetic acid, 50 % (v/v) methanol 10min 

 

Stained gels were left in water for further 10 minutes and then scanned. 

 

4.4.2 Determination of Protein Concentration 

 

         Protein concentration was determined according to Bradford [133] by measuring 

absorbance at 595 nm of a complex of proteins with Coomassie Brilliant Blue-G 250 (800 µl 

of protein solution 200 µl of Bio-Rad solution for protein analysis). Human serum albumin 

was used as a standard. 

 

4.5 Kinetic Measurements 

 

4.5.1 HIV-1 Protease Kinetic Measurements  

 

All kinetic measurements were performed using a standard spectrophotometric assay 

with the chromogenic peptide substrate KARVNle*NphEANle-NH2 [134]. The peptide is 

derived from CA-p2 cleavage site in the HIV Gag and Gag-Pol polyprotein and it contains 

p-nitrophenylalanin chromophore at position P1´. Upon the substrate cleavage of the scissile 
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bond (denoted by asterisk), the absorbance maximum shifts dramatically, enabling to 

monitor the cleavage by spectroscopy. The decrease in absorbance at 305 nm was measured.  

The apparent inhibition constants Ki´ were determined for the best inhibitor 

(DIA-10a) with the wild type enzyme and the multiresistant HIV protease IA4. The data 

were analyzed using the equation for competitive inhibition according to Williams and 

Morrison and Dixon, respectively [135, 136]. Mechanism of inhibition was determined for 

DIA-10a by double reciprocal Lineweaver-Burk plot [137]. For the rest of inhibitors neither 

Ki values nor IC50 values could have been determined due to low solubility of the 

compounds. Values that are shown in this thesis represent the inhibitor concentration at 

which the vi/vo equals 0,5 and will be referred to as IC50́ .  

Activity of purified enzymes was also checked by this analysis. 

 

4.5.1.1 Experimental Conditions 

 

All measurements were performed at 37 ºC in buffer containing 0,1 M sodium 

acetate (pH 4,7), 4 mM EDTA and 0,3 M NaCl. The course of the reaction was monitored 

by measuring the decrease in absorbance in 1 ml of the reaction mixture in 1 cm cuvettes at 

305 nm, using an UV-VIS spectrophotometer UNICAM UV 500. 

 

4.5.1.2 Determination of Inhibition Constants 

 

Michaelis-Menten constant Km as well as the catalytic efficiency of the enzymes kcat 

and precise concentration of the enzyme (E0) were determined previously by colleagues in 

our laboratory for both the enzymes.  

For determination of apparent Ki values, typically, 8 pmol of PR were added to 

buffer (chapter 4.5.1.1), containing substrate in concentration similar to Km of the enzyme 

and various concentrations of an inhibitor dissolved in DMSO. The final concentrations of 

DMSO were kept below 2,5 %. The Ki´ values were calculated by the GraFit 5.0.4 

(Erithacus Software Limited) [138] using the equation for inhibition according to Williams 

and Morrison [135]: 
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(vi/vo)
2. [E] + ([E] + [I] – Ki´).(vi/vo) – Ki´ =  0, 

 

where [E] is enzyme concentration, [I] is concentration of the inhibitor, v0 is initial reaction 

rate without the inhibitor, vi is initial reaction rate in the presence of the inhibitor,  and Ki´ is 

apparent inhibition constant. 

The Ki value for competitive inhibition was calculated from the equation:  

 

where Ki is the inhibition constant, [S] is the concentration of substrate, Km is 

Michaelis-Menten constant and Ki´ is the apparent constant. 

 The Ki > 100 nM was calculated by reciprocal Dixon plot according to Dixon 

equation [136], using program Enzfiter (Biosoft, Cambridge, UK [139]): 

 

where vi is the reaction rate in the presence of inhibitor, vlim is the maximum reaction rate, 

Km is Michaelis constant, [S] is substrate concentration, [I] is inhibitor concentration and Ki 

is the inhibition constant. 

 

4.5.2 Papain and Cathepsin D Kinetic Measurements   

 

Both enzymes were obtained from laboratory of Michael Mareš, PhD. at IOCB, 

Prague. The enzymes were previously fully characterized in his laboratory - including 

protein concentration and Km. Inhibition activity of DIA-10a for both enzymes was 

measured on Fluorescence Microplate Reader Tecan Infinite M 200 (Tecan, Durham, NC) 

on 96 well microplate. 

 

4.5.2.1 Inhibition of Papain 

 

Activation buffer: 100 mM sodium acetate (pH 5,5), 2,5 mM DTT, 0,1 % PEG 1500                                 

Substrate mixture: 100 mM sodium acetate (pH 5,5); 37,5 µM Z-Phe-Arg-AMC in DMSO 

(Km of Z-Phe-Arg-AMC for Papain is 90 ± 1 µM) 
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Firstly 70 µl of activation buffer, with added enzyme - 10 000 times diluted stock 

solution (concentration 1 mg/ml – 0,5 pmol), was added to every single well. 1; 2; 3; 4 and 

5 µl of stock solution of DIA-10a (to final concentration 20; 40; 60; 80 and 100 nM) or same 

volume of DMSO (v0) was added to all wells. More activation buffer was added to get the 

final volume to 80 µl in all wells. The reaction mixture was shaken and left at 37 °C for 

10 minutes to activate the enzyme. 20 µl of substrate mixture was added by a multichannel 

pipette to all wells, the plate was shaken again and the fluorescent measurement was started 

immediately on the Microplate Reader Tecan Infinite M 200 (continuously monitored at 

405 nm). 

 

4.5.2.2 Inhibition of Cathepsin D 

 

Substrate mixture: 0,1 M sodium acetate pH 4,7, 40 µM Abz-KPAEFF*AL 

Inhibition mixture: 0,1 M sodium acetate pH 4,7, inhibitor (various concentration ranging 

from 20 to 100 nM) 

(Km of Abz-KPAEFF*AL for human cathepsin D is 77 ± 10 µM; the final concentration of 

enzyme was 2,5 nM.) 

 

80 µl of inhibition mixture containing 10 µl of diluted enzyme was added to the 

microplate wells and the enzyme was incubated for 15 minutes at 37 °C. 20 µl of substrate 

mixture was added by a multichannel pipette to all wells, the plate was shaken again and the 

fluorescent measurement was started immediately on the Microplate Reader Tecan Infinite 

M 200. The product formation was continuously monitored by excitation and emission 

wavelengths of 330 nm and 410 nm.  

 

4.6 Crystallization 

 

Buffers: 

Buffer A:  5 mM MES, 1 mM EDTA, 5 % DMSO, pH 6,0 

Buffer B:  1 M sodium acetate buffer, pH 3,7-4,5 

 

          The HIV-1 Protease for crystallization was prepared and purified as described above 

and stored at -80 ºC. The complex was prepared by concentrating the protease (in buffer A) 



 51 

to concentration of 3-5 mg/ml by ultrafiltration using Microcon-10 devices (Millipore) and 

then the enzyme was mixed with 2-fold molar excess of DIA-10a dissolved in DMSO (the 

final concentration of DMSO was around 7 %).      

 For the crystallization trials the vapour diffusion technique was used [140]. For 

improving crystal quality, other optimization and seeding techniques were used. 

 

4.6.1 Vapour Diffusion Crystallization Technique and Crystal Seeding 

 

           Crystals suitable for X-ray analysis were grown by the hanging drop vapour diffusion 

technique in 24 well Nextal plates (Nextal Technologies), at 19 °C [140]. The crystallization 

drops had 2:1 ratio by volume of protein to reservoir solution. They were placed on a 

silliconized cover slide inverted over a 1 ml reservoir precipitating solution containing 

0,7 M-1,3 M NaCl as a precipitate and buffer B of pH ranging from 3,7 to 4,5.  

 Macro- and micro- seeding techniques [141] were applied for improving crystal 

quality. 

 

4.6.2 Crystal Mounting, Cryocooling and Storage 

 

         For diffraction measurement at temperature 100 K, crystals were mounted into a nylon 

fiber CryoLoop (Hampton Research, USA) and soaked in the reservoir buffer solution with 

25 % (v/v) glycerol. Crystals were then flash-cooled to the liquid nitrogen temperature in a 

nitrogen gas stream (Oxford Cryosystem) on a goniometr head or they were stored in a 

liquid nitrogen container for the next analysis.  

 

4.6.3 Data Collection, Structure solution and Analysis 

 

Data collection and processing as well as structure determination and analysis were 

performed by RNDr. Jiří Brynda, CSc. and by RNDr. Pavlína Řezáčová, PhD. from The 

Institute of Molecular Genetics, Academy of Sciences of the Czech Republic, Prague. 
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 X-ray diffraction data were collected on synchrotron Bessy, beamline MX14.2 

(Berlin) by RNDr. Pavlína Řezáčová, PhD.  

 

4.7 Synthesis of DIA Inhibitors 

 

Since benzodiazepines are highly drugable and their use dates back to 1950s, it is not 

surprising that the synthesis of these compounds is very well explored. Considering that this 

thesis is primarily aimed at biochemistry studies, only limited information will be given on 

synthesis topic.   

During synthesis of DIA benzodiazepines mainly four of publications were used as a 

source of information [142-145]. A general scheme for preparation of DIA inhibitors is 

depicted in Scheme 1. For detailed description of synthesis of each compound see below. In 

case of DIA-2 there are 6 possible diastereomers, but only two have been purified and tested 

separately (DIA-2a and DIA-2b). In case of all other dimers there are always only two 

possible diastereomers (or less), all have been purified and tested separately (always labeled 

as a and b). 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1: General procedure for preparation of DIA inhibitors. a) 1 drop of TFA, toluene, 

reflux with Dean-Stark apparatus for 45 minutes; b) benzaldehyde (para substituted 

respectively), EtOH, reflux for 90 minutes. c) Et3N, oxalyl dichloride, from -43 °C to room 

temperature, argon atmosphere. For detailed description of synthesis of 1,4-benzodiazepines 

see [143]. All steps are described in detail below.  
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DIA-1: DIA-1 was prepared following scheme 1, analogous synthesis 

is described in [143]. o-diaminobenzene (1,14g, 10,6 mmol), 5-phenyl-

1,3-cyclohexanedione (2 g, 10,6 mmol) and catalytic amount of TFA 

(60 µl) were refluxed in 200 ml of toluen using Dean-Stark apparatus 

for 45 minutes. Formed precipitate was filtrated and dried on vacuo 

(2,6 g, 88,1% yield).  5 g of the enamine from first reaction 

(0,018 mmol) was mixed with 2,3 g of benzaldehyde (2,16 mmol) in 150 ml of denatured 

ethanol. The whole mixture was refluxed for 90 minutes. Product was filtrated as a pale 

yellow solid. Yield for the two step synthesis was 71 %. 

 

 

DIA-2: Oxalyl dichloride (434 mg, 3,41 mmol)  was added 

dropwise (rate 1 drop per 30 seconds) into stirring solution 

of DIA-1 (2,5 g, 6,83 mmol) and triethylamine (1,6 g, 

15,7 mmol) in THF (50 ml) at -43 °C. The reaction was left 

reacting for 10 minutes at -43°C then for further 

45 minutes at RT. Reaction was stopped by adding 10 ml 

of ethyl acetate, washed with saturated solution of 

bicarbonate (10 ml), 0,1 M hydrochloric acid (10 ml) and water (2×10 ml). The organic 

phase was filtrated giving the mixture of two diastereomers of DIA-2 in rather low yield 

(500 mg, 19 % yield). The two diastereomers were separated by preparative TLC (mobile 

phase dichlormethan:MeOH, 12:1).   

 DIA-2 was crystallized from a mixture of both diastereomers from DMSO. The 

DIA-2 (2 mg) was dissolved in 0,5 ml of dry DMSO and left to crystallize in 3 ml vial for 

6 months (DMSO was getting wet, which caused slow crystallization). X-ray analysis was 

done by RNDr. Ivana Císařová, CSc. at Faculty of Science, Charles University. 

 

 

DIA-9:  DIA-9 was prepared following scheme 1, analogus synthesis 

described in [143]. o-diaminobenzene (15,4 g 0,143 mol) was solved in 

denatured ethanol and 5,5-dimethyl-1,3-cyclohexanedione (20 g, 

0,143 mol) was added in one portion. The reaction mixture was stirred 

rapidly for 18 hours at RT and then the solvent was evaporated by 

reduced vacuo. The product after first reaction was not pure, however it did not matter since 
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in the second step reaction (same conditions as with DIA-1) the product precipitated as pale 

yellow solid. This precipitate (DIA-9) was filtrated, washed by excess of ethanol and dried 

on vauco. Yield for the two step synthesis was 74 %. 

 

 

DIA-10a (5S,5´S; 5R, 5´R): Synthesis of DIA-10 was analogous 

to that of DIA-2. The yield was slightly higher, but still mediocre 

(51 %). The crucial part in the synthesis of DIA-10a is the rate of 

adding oxalyl dichloride into stirring solution of DIA-9. If the 

speed is too high, a second diastereomer (DIA-10b) is formed. 

The two diastereomers were separated by preparative TLC 

(mobile phase DCM:MeOH, 19:1).  

DIA-10a and DIA-10b were subjected for further 2D 

NMR studies to determine the relative configuration on 

stereogenic centers. It was estimated by Ing. Šaman, PhD. 

(Institute of Organic Chemistry and Biochemistry) that phenyl 

groups in DIA-10a are probably in cis-conformation, while in 

DIA-10b they are in trans-conformation. Since this study was 

based on computer modeling as well as NMR studies it should be 

further confirmed by other method (e.g. X-ray analysis). 

 

 

DIA-21:  DIA-21 was prepared following scheme 1, analogus 

synthesis described in [143]. The procedure was exactly same as in 

case of DIA-9. Yield for the two step synthesis was mediocre (51%).  
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DIA-22a: DIA-9 (2 g 4,44 mmol) was solved in 50 ml of dry 

THF along with triethylamine (1,0 g, 10,2 mmol). The 

solution was cooled to -43 °C under argon atmosphere and 

oxalyl dichloride (563 mg, 2,22 mmol) was added dropwise 

(1 drop per 30 seconds) to the rapidly stirring solution. The 

reaction was quenched after warming up to RT and left 

reacting for 90 minutes by addition of 50 ml of ethyl acetate. 

The reaction mixture was washed by 50 ml of 0,1M HCl and twice by the same amount of 

water. The forming precipitate in organic phase was filtrated yielding 210 mg of white 

product (DIA-22a, 10 %). The remaining organic phase was evaporated by vacuo, giving 

1,5 g of DIA-22b (yield 73 %). The ratio between two diastereomers DIA-22a and DIA-22b 

was rather inconvinient, however for our purpose this was sufficient. 

 

 

DIA-24a: Since DIA-22a is insoluble in almost any solvent, the 

deprotecting reaction was carried out in DMF. DIA-22a (150 mg, 

0,158 mmol) was solved in 10 ml of DMF and 

tetrabutylammonium fluorid (91 mg, 0,348 mmol) was added to a 

stirring solution in one portion. An immediate change of colour 

from pale yellow to dark yellow occurred. The reaction was 

quenched after 10 minutes by adding several drops of water into stirring solution. More 

water was added to the solution until it turned opaque. Then it was heated (until it turned 

transparent again) and left to precipitate. 95 mg of white product was obtained by filtration 

(83 % yield).  

 

 

DIA-26a: Suspension of DIA-24a (33 mg, 45,7 µmol) in 

3 ml of DMF was cooled down to 0 °C and sodium hydride 

(8,5 mg, 0,183 mmol) was added in one portion. The 

reaction was left to heat up to RT. After one hour a solution 

of diethyl [[(p-toluensulfonyl)oxy]methyl] phosphonate 

(60 mg, 0,183 mmol) in DMF (0,5 ml) was added 

dropwise (fast). After 48 hours the reaction was filtrated 

and water was added to the filtrate, until it turned opaque. Then the mixture was heated 



 56 

(changed to transparent again) and left to precipitate. The precipitate was filtrated giving 

22 mg (yield 47 %) of DIA-26a (with slight impurity of DIA-26b). Preparative TLC was 

done to rid of the impurities (dichlormethan:MeOH, 8:1).  

The phosphonates were deprotected (using excess of bromotrimethylsilane) in hope 

to obtain a more soluble compound, however the deprotection yielded a compound, which 

was so insoluble, that the structure had to be determined only by mass spectroscopy (it could 

not be solved in any solvent therefore NMR confirmation was not possible) 

 

DIA-27:  DIA-27 was prepared following scheme 1 (instead of 

benzaldehyde, formaldehyde was used), analogus synthesis described in 

[143]. The reaction mixture was evaporated, washed by EtOAc and then 

recrystalized from MeOH:H2O. Yield was 25 %.   

 

DIA-28: DIA-28 was prepared by the same procedure as DIA-10, 

however oxalyl dichloride was added in one portion. Since 

DIA-28 lacks any stereogenic centers the rate, at which the oxalyl 

dichloride was added, did not matter (in case of DIA-10 the drop 

rate determined formation of DIA-10a or DIA-10b). 

Unfortunately the product was insoluble in any solvent, except of 

hot (100 °C) DMSO. 78 mg obtained (40 % yield).  

 

DIA-29: 2,2-difluoromalonyl dichloride (44 µl, 66 mg, 

0,373 mmol)  was added dropwise (rate 1 drop per 

30 seconds) into stirring solution of DIA-9 (200 mg, 

0,629 mmol) and triethylamine (326 mg, 2,51 mmol) in 

THF (6 ml) at -43 °C under argon atmosphere. The 

reaction was left reacting for 10 minutes at -43 °C then for further 45 minutes at RT. The 

reaction mixture was dried by vacuo, and solved in methanol. Pale yellow precipitate formed 

after several seconds (2,2 mg were collected by filtration). The very low yield (below 1 %) 

was caused by the extreme reactivity of 2,2-difluoromalonyl dichloride. There were more 

than 20 compounds in the reaction mixture after 45 minutes of reacting. It probably caused 

degradation of the DIA-9 molecule.  
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DIA-30: Oxalyl dichloride (48 mg, 0,377 mmol) was solved in 

2 ml of extra dry THF under argon atmosphere. The reaction 

mixture was cooled down to -43 °C and DIA-9 (100 mg, 

0,314 mmol) along with triethylamine (73 mg, 0,572 mmol) solved 

in 2 ml of THF was added dropwise upon fast stirring. After 

45 minutes at room temperature, the reaction mixture was cooled 

down to -43 °C again and solution of DIA-27 (76 mg, 0,314 mmol) 

with triethylamine (73 mg, 0,572 mmol) in THF was added dropwise. The reaction was 

terminated by the addition of 10 ml of ethyl acetate after 12 hours. The reaction mixture was 

washed by saturated solution of bicarbonate (10 ml), 0,1M HCl (10 ml) and twice by water 

(2x10 ml). The organic phase was filtrated, yielding 85 mg of DIA-30 (yield 23 %). 

 

 

Diethyl [[(p-toluensulfonyl)oxy]methyl] phosphonate: 

Preparation of this compounds was previously described in 

literature [146]. The procedure was exactly the same. 

2,306 g of pure product obtained (yield 60 %). 

 

2,2-difluoromalonyl dichloride was prepared from diethyl 

2,2-difluoromalonate in two step synthesis as described in [147]. 

200 mg of pure product was obtained (yield 27 %) 
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5. Results  

 

5.1 Protein Expression  

 

 Two proteins (wild type HIV-1 protease and highly mutated resistant strain of HIV-1 

protease IA4) were prepared. IA4 is a highly resistant mutant, isolated from a patient, 

containing twelve mutations and one insertion at position 35 (L10F, I13V, G16A, K20M, 

V32I, E35EE, K43T, M46V, I47V, I54M, I64V, A71V and V82A). This mutant was chosen 

as a prototype of highly resistant protease for kinetic measurements. 

Purification and expression data will be shown in detail only for wild type protease. 

The expression and purification of mutated IA4 protease was analogical and therefore only 

brief results will be shown. 

 

5.1.1 Expression of Wild Type HIV-1 Protease 

 

Plasmid pET-11c coding for wild type HIV-1 protease was prepared previously by 

colleagues in the laboratory and it was used for transformation of E. coli competent cells 

BL21(DE3) RIL as described in chapter 4.1. Three litres of LB media containing ampicillin 

were inoculated by the over-night grown bacteria from agar plates. The bacteria were grown 

at 37 °C at 220 rpm in a rotary incubator (Innova 4300, New Brunswick Scientific) and the 

OD595 was monitored regularly during the process. The induction by IPTG (IPTG 

concentration in flask was 0,75 mM) was initiated when the OD595 reached approximately 

0,8. The bacterial growth curve is shown in Figure 32 (page 59). 
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Figure 32: Bacteria growth curve. The bacteria were induced by IPTG when OD595 reached 

value ~0,8. 

  

5.1.2 Isolation and Washing of Inclusion Bodies 

 

 10,1 g of wet biomass was obtained by centrifugation of cell culture 3 hours after 

induction. The inclusion bodies were isolated and washed as described in chapter 4.2.3. 

0,4 g of washed inclusion bodies containing mostly HIV-1 protease was isolated. During the 

isolation process small samples of supernatant (inclusion bodies after last step) were taken 

after every single washing to monitor the procedure by SDS-PAGE under reducing 

conditions stained by silver staining (Figure 33).  

 

 

 

 

 

 

 

 

Figure 33: Electrophoreogram monitoring the isolation and washing of inclusion bodies 

Lane 1: molecular weight marker (5 µl); Lane 2: HIV-PR standard (4 µl); Lane 3: bacteria  
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before induction (8 µl); Lane 4: bacteria 3 hours after induction (5 µl); Lane 5: washing by 

buffer A (4 µl); Lane 6: washing by buffer SA (4 µl); Lane 7: washing by buffer TA (4 µl); 

Lane 8: washing by second buffer A (4 µl); Lane 9: isolated inclusion bodies (4 µl); Lane 

10: HIV-PR standard (4 µl); 

 

5.1.3 Renaturation and purification of Wild Type HIV-1 protease 

 

The isolated inclusion bodies were dissolved in 6 ml of 99% acetic acid and diluted 

by 3 ml of water. The HIV protease was renaturated as described in chapter 4.2.4.  

Dialysate containing renaturated HIV-1 protease was centrifuged and supernatant 

was filtered through the filter unit 0,22 µm (Millipore) before it was  purified on  MonoS  

HR10/100 column (Pharmacia) by cation exchange FPLC (chapter 4.3). The final yield for 

expression and purification was 2 mg/1 l media. The chromatogram is shown in Figure 34. 

 

 

Figure 34: The chromatogram illustrating wild type HIV-PR purification on catex MonoS 

HR10/100 column by cation exchange FPLC. Red lines are showing at which volume new 

fractions started (fractions are labeled F1-F6). Concentrations of buffer B [%] for each 

fraction are shown in right corner. 
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 The collected fractions were analyzed by SDS-PAGE and stained by silver staining 

(Figure 35). Fractions were further tested for activity as described in chapter 4.5.1 and 

protein concentration (according to Bradford – chapter 4.4.2). Specific activities as well as 

yields and purification coefficients were calculated. The results are summarized in Table 2. 

For better evaluation of the purification process, “relative activity unit [ru]” was calculated, 

as the activity which is responsible for the decrease in absorbance by 10-4 AU.s-1. 

  

 

 

 

 

 

 

 

 

Figure 35: Electrophoreogram showing the purity of fractions collected after FPLC (wild 

type HIV-1 protease). Lane 1: molecular weight marker (5 µl); Lane 2: HIV-PR standard 

(5 µl); Lane 3: before FPLC purification (10 µl); Lane 4: F 1 (5 µl); Lane 5: F 2 (5 µl); 

Lane 6: F 3 (5 µl); Lane 7: F 4 (5 µl); Lane 8: F 5 (5 µl); Lane 9: F 6 (5 µl); Lane 10: 

HIV-PR standard (4 µl); 

Table 2: Summary of the wild type HIV Protease FPLC purification procedure. 

 

Fractions Volume 
[ml]  

Activity 
[AU.s-1 .µl-1] 

Activity  
 [ru]  

Yield 
 [%]  

Protein 
Conc. 

[µg.ml-1] 

Specific 
Activity 
[ru.µg-1] 

Purification 
Coefficient 

Sample before  
FPLC 

210,0 0,3390.10-4 71190 100 50 6,8 1 

F 1 2,0 0,3538.10-4 708 1,0 100 3,5 0,5 
F 2 2,5 1,4041.10-4 3510 4,9 370 3,9 0,6 
F 3 2,0 18,008.10-4 36017 50,6 860 20,9 3,1 
F 4 2,0 14,336.10-4 28671 40,3 900 16,0 2,4 
F 5 2,0 2,0194.10-4 4039 5,7 210 9,6 1,4 
F 6 5,0 0,1764.10-4 882 1,2 48 3,7 0,6 
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5.1.4 Expression and Purification of Highly Mutated Strain of HIV-1 Protease IA4 

 

 The procedure of expression and purification of highly mutated HIV-1 protease IA4 

was very similar to the wild type purification. 10,5 g of wet biomass was pelleted by 

centrifugation. 1,4 g of inclusion bodies was obtained. One third of inclusion bodies was 

further processed: 0,4 g of inclusion bodies dissolved in 6 ml of acetic acid (99%) and 

diluted by 3 ml of water. After renaturation and dialysis of HIV protease, the dialysate was 

opaque and had to be centrifuged before filtration. Only half of the filtrated protein was 

loaded on MonoS HR10/100 column and the protein was eluted by increasing salt gradient 

(0-28 %) of buffer B (described in chapter 4.3). All the 5 fractions were screened for 

activity, protein concentration and purity (SDS electroforesis). Figure 36 is showing the 

purity of protein. Table 3 (page 63) is summarizing activity, protein concentration, specific 

activity and purification coefficient for isolated HIV-1 protease IA4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: Electrophoreogram showing the purity of fractions collected after FPLC (mutant 

IA4). Lane 1: molecular weight marker (5 µl); Lane 2: HIV-PR standard (4 µl); Lane 3: F 1 

(4 µl); Lane 4: F 2 (4 µl); Lane 5: F 3 (4 µl); Lane 6: F 4 (4 µl); Lane 7: F 5 (4 µl); Lane 8: 

HIV-PR standard (2 µl); 
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Table 3: Summary of IA4 HIV Protease FPLC purification procedure  

Fractions Volume 
[ml]  

Activity 
[AU.s-1 .µl-1] 

Activity  
[ru]  

Yield 
[%]  

Protein 
Conc. 

[µg.ml-1] 

Specific 
Activity 
[ru.µg-1] 

Purification 
Coefficient 

Sample before 
FPLC 

120 0,587.10-5 7 044 100 21 2,8 1 

F 1 2 2,045.10-5 409 5,8 106 1,9 0,7 
F 2 2 3,880.10-5 776 11,0 142 2,7 1,00 
F 3 2 3,409.10-5 682 9,7 128 2,7 1,00 
F 4 5 2,432.10-5 1216 17,3 76 3,2 1,1 
F 5 11 1,247.10-5 1372 19,5 19 6,7 2,4 

 

 

5.2 Synthesis of DIA Inhibitors 

 

 Eleven new compounds were synthesized, fully characterized (for full 

characterization see chapter Supporting Information) and tested for inhibition of wild type 

HIV protease (see chapter 4.5). To determine the three dimensional structure of the DIA 

inhibitors two parallel experiments were conducted. DIA-2 was crystallized from DMSO 

followed by X-ray analysis done by RNDr. Ivana Císařová, CSc. at Faculty of Science, 

Charles University, Prague. Interestingly, all possible conformations on carbons 10 and 10’ 

were present in the crystal structure. The most abundant enantiomer is shown in Figure 37 

(page 64). 

 The relative configuration of phenyl groups in DIA-10a and DIA-10b was 

determined by Ing. David Šaman, PhD. from the Institute of Organic Chemistry and 

Biochemistry, Prague, by multidimensional NMR spectroscopy combined with molecular 

modeling. It was estimated, that DIA-10a is composed of two enantiomers (5R, 5’R and 5S, 

5’S) with the phenyl groups in cis-configuration, while DIA-10b phenyl groups are in trans-

configuration (5R,5’S).  
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Figure 37: The X-ray structure of DIA-2 

 

 

5.3 Kinetic Characterization of DIA Inhibitors 

 

 All DIA inhibitors were tested for their inhibition potency toward wild type HIV-1 

protease. In case of DIA-10a a full characterization (mechanism of inhibition, Ki´ for both 

the wild type and the IA4 mutated protease) was performed. In case of all other inhibitors 

the solubility difficulties prevented from full characterization, and instead of Ki´ values, 

concentrations at which the vi/v0 were roughly 0,5 (± 5 %) are shown (referred to as IC50́ ). 

Inhibitor solubility, IC50́  values and basic stereochemistry information are summarized in 

the following table (Table 4): 
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Table 4: List of prepared and tested DIA inhibitors with the IC50́  values and inhibitors basic 

description of solubility and stereochemistry: 

Name Structure IC50́  

Number of 

Diastereomers 

(Enantiomers) 

Solubility  

 

 

PI-29 

 

 

 

 

4,3 µM 2 (4) a) 

 

DIA-1 

 

 

 

20 µM 2 (4) a) 

DIA-2a 

 

DIA-2b 

 

60 nM 

 

60 nM 

6 (10) b) 

 

 

DIA-9 

 

 

 

>20 µM  1 (2) a) 

 

 

DIA-10a 

 
 

 

15 nM 1 (2) b) 

 

 

DIA-10b 

 

 

 

 

 >20 µM 1 (1) b) 
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DIA-21 

 

 

 

 

>20 µM 1 (2) a) 

 

DIA-22a 

 

 

 

 

DIA-22b 

 

 

250 nM 

 

 

 

 

>5 µM 

2 (3) 

b) 

 

 

 

 

a) 

 

DIA-24a 

 

 

DIA-24b 

 

 

200 nM 

 

 

>5 µM 

2 (3) 

b) 

 

 

a) 

 

DIA-26a 

 

 

 

 

DIA-26b 

 

 

>1 µM 

 

 

 

 

270 nM 

2 (3) a) 

 

 

DIA-27 

 

 

 

>20 µM 1 (1) c) 
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DIA-28 

 

 

 

200 nM 1 (1) 
d) 

 

DIA-29 

 

300 nM 

2 (3) (mixture 

of 

diastereomers 

tested 

(d.r. 3:1) 

b) 

 

 

DIA-30 

 

 

 

100 nM 1 (2) b) 

 

a) soluble in common organic solvents, b) soluble only in dipolar aprotic solvents, c) soluble 

in water, d) soluble only in hot DMSO 

 

5.3.1 Kinetic Characterization of DIA-10a Inhibition 

 

5.3.1.1 Mechanism of Inhibition 

 

 Firstly, mechanism of inhibition had to be put under scrutiny for further kinetic 

analysis. The mechanism of inhibition was determined by double reciprocal Lineweaver-

Burk plot [137] (Figure 37, page 68). The reaction velocity was measured for four different 

concentrations of inhibitor (0 nM, 30 nM, 60 nM and 75 nM), in 0,1 M acetate buffer 

(pH 4,7, 4 mM EDTA, 0,3 M NaCl) at 8 pM HIV protease concentration.  Since the four 

linear lines intersected in the second quadrant, not at any axis, the observed mechanism of 

inhibition is mixed. 
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Figure 37: Double reciprocal Lineweaver-Burk plot showing the mixed mechanism of 

inhibition of DIA-10a with wild type HIV protease.  

 

5.3.1.2 Determination of Ki´ for the Wild Type Protease and the IA4 Mutated Protease 

  

  DIA-10a apparent inhibition constant Ki´ for the wild type HIV protease was 

calculated by program GraFit 5.0.4 [138] as described in chapter 4.5.1.2 according to 

Williams and Morrison equation [135]. Substrate concentration was kept below Km level 

(cs=15,5 µM). DIA-10a Ki´ for the wild type HIV protease was 12,5 ± 2,7⋅10-9. The non-

linear fit is shown in Figure 38 (page 69).  
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Figure 38: The non-linear fit of Williams and Morrison equation determining DIA-10a 

apparent inhibition constant. Calculated by program GraFit 5.0.4 . 

  

 DIA-10a apparent inhibition constant (Ki´) for highly mutated protease IA4 was calculated 

from Dixon plot (reciprocal velocity and concentration of inhibitor – Figure 39) and Dixon 

equation [136]. The Ki´ value was 124 ± 6·10-9 

Figure 39: Reciprocal Dixon plot for DIA-10a inhibition of IA4 mutated protease. The 

apparent inhibition constant (Ki´) was calculated from values of intercept and slope as 

described in chapter 4.5.1.2. 
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5.4 DIA-10a Specificity  

  

In order to determine the DIA-10a specificity for HIV PR, the inhibitor was tested for 

inhibition of two related enzymes, human cathepsin D (aspartic protease) and papain 

(cystein protease).  

Activity of both enzymes was determined on Fluorescence Microplate Reader Tecan 

Infinite M 200  (Tecan, Durham, NC) on 96 well microplate in triplicates with conditions as 

similar to conditions of HIV protease kinetics as possible. Both measurements were done in 

0,1 M acetate buffer with substrate concentration lower then Km (described in detail in 

chapter 4.5.2).  

The slope values (increasing fluorescence over time) were derived from the linear 

regions of raw data curves (not shown).  

 

 

5.4.1 Inhibition of Papain 

 

Since DMSO often influence enzymes (either inhibits or activates), firstly, vo had to 

be determined in presence of higher concentration of this solvent. The slope values 

(representing the increasing fluorescence over time) are clearly showing that papain is 

activated at low concentration of DMSO (Chart 1, page 71), but at higher concentrations the 

activity begins to drop, because the DMSO inhibition is taking place as well. DIA-10a does 

not inhibit papain. The mean values and standard deviations of inhibition of papain by 

DMSO and DIA-10a are summarized in Chart 1 (page 71).  
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Chart 1: Inhibition of papain by DIA-10a. Since DMSO often inhibits enzymes at higher 

concentration v0 was measured in presence of DMSO at various concentrations. The mean 

values of DMSO inhibition are shown as blue columns in the chart. The mean values of 

inhibition of DIA-10a are represented by orange columns.  

 

 

5.4.2 Inhibition of Human Cathepsin D 

    

To determine the inhibition of cathepsin D by DIA-10a, first the inhibition by DMSO had to 

be measured. Cathepsin D is clearly not inhibited either by lower or higher concentrations of 

DMSO (Chart 2, page 72), it is rather activated. As in case of papain, cathepsin D is not 

inhibited by DIA-10a either (Chart 2, page 72).The mean values and standard deviations of 

inhibition of human cathepsin D for DMSO and DIA-10a are summarized in Chart 2 

(page 72).  
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Chart 2: Inhibition of human cathepsin D by DIA-10a. Since DMSO often inhibits enzymes 

at higher concentration v0 was measured in presence of DMSO at various concentrations. 

The mean values of DMSO inhibition are shown as blue columns in the chart. The mean 

values of inhibition of DIA-10a are represented by orange columns.  

 

 

5.5 DIA-10a Co-crystallization with the Wild Type HIV Protease 

  

 Initial crystallization screening showed formation of microcrystals (Figure 39a, page 

73) in one of the conditions (0,7 M NaCl, 100 mM acetate buffer, pH 4,0, cprot=3 mg/ml). 

Several round of optimization of this condition as well as micro and macroseeding 

techniques led to formation of larger crystals, which had round irregular shape (Figure 39b, 

page 73 - 1 M NaCl, 100 mM acetate buffer pH 4,0, cprot=3 mg/ml).  
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Figure 39: Crystallization of DIA-10a with wild type HIV protease. a) microcrystals 

obtained from initial screening. b) irregularly round shaped crystals obtained after several 

rounds of optimization.  

 

Finally, after further optimization several large regular-shaped crystals were obtained 

(Figure 40, page 74). The crystallization in the same condition (1,05 M NaCl, 100 mM 

acetate buffer pH 3,8, cprot=3 mg/ml) was repeated several times to obtain similar crystals. 

The X-ray diffraction was measured as described in chapters 4.6.3 and 4.6.4. The best 

crystal diffracted at 2.2 Å resolution. Even though well diffracting crystals were obtained, 

the electron density map was not calculated from the diffraction patterns yet, due to 

problems caused by pseudosymmetry. Jiří Brynda and Pavlína Řezáčová (Institute of 

Organic Chemistry and Biochemistry, Prague) are currently working on overcoming these 

problems. 
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Figure 40: Crystals of the wild type HIV protease co-crystallized with DIA-10a obtained 

after final round of optimization.  

 

The data collection statistics are shown in table 9. 

 

Table 5: Data collection statistics 

Diffraction Data Summary and Statistics of the wild type 
 HIV-1 PR – DIA-10a complex 

Number of crystals 1 
Source type synchrotron 
Wavelength (Å) 0,9171 
Temperature (K) 100 
Point group P4 
Cell parameters  

a, b, c (Å) 61,1         61,1       138,1 
α, β, γ (º) 90.0000   90.0000  90.0000 

Complexes per asymetric unit unknown 
Resolution range (Å) 50 – 2,2 
No. of observed reflections 25650 
Multiplicity 7,5 
Completeness (%)  99,7 
Rmerge

a 3,9 
Average I /σ (last resolution shell) 37,6 
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6. Discussion 
 

The DIA inhibitors (1,4-diazepine analogs) represent a new class of highly potent 

protease inhibitors that were discovered recently in our laboratory. The most important 

question at the beginning of the research concerned the three dimensional structure of DIA-2 

and DIA-10, especially the relative configuration of phenyl groups connected to carbons 5 

and 5’. It was clear from the beginning that the relative configuration of these two phenyl 

groups plays a crucial role in the inhibitor activity. This was observed by comparing the 

activity of two isolated diastereomers of DIA-10 (DIA-10a IC50́ =15 nM; DIA-10b 

IC50́  > 20 µM). Two different techniques were thus employed to determine the three 

dimensional structures of DIA inhibitors:  X-ray analysis (in case of DIA-2) and two 

dimensional NMR studies (in case of DIA-10) combined with molecular modeling. The 

reason why molecular modeling had to be employed is due to a relatively large distance 

between the two phenyl groups, preventing unambiguous determination of the structure by 

NMR. Several important findings were made during these studies. The first is that two 

diastereomers (differing in configuration on carbon 10 and 10’) were present in the crystal 

structure of DIA-2. The number of diastereomers in the crystal structure by itself is not 

surprising, since the crystal was not grown in a diastereomericaly enriched solution (the 

solution contained two diastereomers, DIA-2a and DIA-2b, both of them are highly active - 

IC50́  values around 60 nM). However, the fact that phenyl groups on carbons 5 and 5’ are in 

cis-configuration to each other for both diastereomers in the crystal structure is most 

interesting. The NMR studies showed that the phenyl groups are also in cis-configuration for 

DIA-10a (Figure 41), while for DIA-10b the phenyl groups are in 

trans-configuration. It can be therefore concluded that the activity 

of a DIA inhibitor is strictly connected with the cis-configuration 

of the phenyl groups. The second important information resulting 

from the X-ray analysis of DIA-2 is the observation that the 

orientation of phenyl groups connected to carbons 10 and 10’ is 

not critical for the activity. Again, as in a previous case, this is in 

compliance with DIA-10a kinetic data, where the complete loss of phenyl groups at carbons 

10 and 10’ caused no decrease in the inhibitor potency.  

Even though very potent, DIA-10a is highly insoluble compound (soluble only in 

dipolar aprotic solvents). To cope with the solubility problem a conventional approach of 
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introduction of polar moieties to the molecule was undertaken. Three new inhibitors 

(DIA-22, DIA-24, DIA-26) were synthetized (diastereomers separated) in order to increase 

the solubility. It was expected that the dimer molecule binds to HIV protease in a similar 

fashion as the original inhibitor PI-29. Therefore any attached polar moieties in para 

positions of phenyl groups connected to carbons 5 and 5’ were expected to stick out of the 

enzyme. However, adding two hydroxyl moieties (DIA-24a) led to a decrease in activity 

(IC50́ =200 nM) and the inhibitor was even less soluble. Further attachment of protected 

phosphonate group (DIA-26a IC50́ > 1 µM) resulted in an improved solubility, however, the 

activity dropped by more than one order of magnitude compared to DIA-10a. Interestingly, 

the activity of the second diastereomer (DIA-26b; IC50́ =270 nM) increased significantly. 

Thus it is highly probable that the DIA-26b binding mode is completely different from that 

of DIA-10a. This phenomenon ought to be further evaluated. DIA-26a phosphonate groups 

were deprotected (four ethyl groups were cleaved making DIA-26a a highly charged 

compound) to improve solubility even more and to regain the loss of activity. Unfortunately, 

the inhibitor was insoluble in any solvent and therefore the structure could be confirmed 

only by mass spectroscopy. Similarly, it was impossible to conduct any activity tests due to 

this insolubility. Therefore further experiments with these four inhibitors were put to a stop. 

We proposed that the insolubility of DIA inhibitors is possibly caused by its rigidity, 

since there is almost no free bond rotation in DIA-10. An inhibitor with three carbon link 

was prepared (DIA-29). A mixture of diastereomers (diastereomer ratio 3:1) was tested for 

activity. The IC50́  of the mixture was 300 nM suggesting that even if the less abundant 

diastereomer was the only active one, the activity still dropped compared to DIA-10a. More 

importantly, the solubility did not improve as initially expected and therefore any follow-up 

study of three carbon link between monomers was also put to a stop. 

Low solubility can be often overcome by creating a dipole moment in the molecule. 

DIA-30, an inhibitor which lacks the C2 rotation symmetry, was synthesized in order to test 

this hypothesis on our system. The solubility of DIA-30 is comparable to the one of DIA-10 

and DIA-2, which is probably because the inhibitor has not dipole moment strong enough. 

However, interesting information has been obtained from kinetic data of DIA-30. The loss 

of one phenyl (carbon in position 5’) led to a slight decrease in activity (100 nM). The 

essentiality of the phenyl groups for the activity was also confirmed by analyzing DIA-28, 

an inhibitor missing both phenyl groups (connected to carbons 5 and 5’), that shows 

decreased activity (IC50́  200 nM).  
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Since the best DIA inhibitor proved to be DIA-10a, all further experiments focused 

solely on its structure. In order to determine the specificity of DIA-10a, its potency against 

other enzymes was tested. Human cathepsin D, an aspartic protease, was chosen as the first 

enzyme. Since cathepsin D and HIV-1 protease are both aspartic proteases, it is not 

unexpected for many HIV PIs to show an inhibition of cathepsin D. The second enzyme 

tested was a cysteine protease papain. This should provide a proof that DIA-10a is a specific 

inhibitor. Even though no inhibition of these two enzymes was observed, it should be noted 

that the concentration of the inhibitor was kept below 100 nM. The reason for this was the 

poor solubility of DIA-10a, that prevented reaching higher concentrations (the inhibitor 

precipitated from the solution at a higher concentration – more than 100 nM). However, for 

our purpose to show the specificity of DIA-10a for HIV-1 PR is this analysis sufficient. 

 Finally, DIA-10a was fully kinetically characterized. For this purpose two HIV-1 

PRs species were expressed and purified. Wild type HIV protease was prepared as well as 

highly mutated IA4 protease harboring multiple mutations and one insertion. Both of the 

proteases were purified sufficiently enough for enzymatic and crystallization experiments. 

DIA-10a showed to have a mixed inhibition of the wild type HIV protease, which was rather 

unexpected. This could be explained by either the second binding site, or more probably by 

the low solubility of the inhibitor (compounds with mixed mechanism of inhibition caused 

by low solubility have already been described in literature [119]). If the mixed inhibition is 

only an artifact, and the real mechanism is competitive, then Ki can be calculated 

(6,3 ± 1,4·10-9) from the measured apparent Ki (12,5 ± 2,7·10-9). The apparent Ki measured 

for highly mutated protease IA4 was by almost an order of magnitude higher 124 ± 6·10-9 

(for the competitive mechanism of inhibition, Ki is 61 ± 2·10-9), clearly showing partial 

resistance to this novel type of inhibitors (full resistance profile of DIA-10a still remains to 

be evaluated). The two apparent Ki values, for the wild type protease and the mutated 

protease IA4, were obtained by two different methods because the Williams and Morrison 

equation is suited more for the lower Ki values, while Dixon equation for higher ones (more 

than 10-7). 

  Even though well diffracting crystals of the wild type HIV protease were obtained 

after several rounds of optimization, the electron density map could not be calculated from 

the diffraction patterns. The crystals showed twinning caused most probably by translational 

pseudosymmetry. Since the structure of the complex of the wild type HIV-1 PR and 

DIA-10a has not been solved yet, it is not known if the crystal is formed by a complex of the 

protease with bound inhibitor, or just the protease itself. Jiří Brynda and Pavlína Řezáčová 
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(Institute of Organic Chemistry and Biochemistry, Prague) are still trying to overcome the 

twinning problems, and hopefully will eventually calculate the electron density map, from 

which the three dimensional structure of complex of HIV protease with DIA-10a will be 

obtained.  

 If the crystalographic analysis fails, computer modelling will be probably used to 

explore the binding mode of DIA inhibitors to HIV protease. 
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7. Conclusion  
 

 The main objective of this thesis was to explore the novel type of inhibitors recently 

discovered in our laboratory. Eleven new compounds were synthesized, characterized by 

mass spectroscopy and nuclear magnetic resonance techniques, and kinetically analyzed as 

potential inhibitors of wild type HIV protease. Enormous efforts were put into development 

of more soluble compound, which resulted in a small library of DIA inhibitors. 

Unfortunately, none of the prepared inhibitors showed improved solubility while retaining 

the activity of original lead compound. Therefore most of the research was focused on the 

most potent inhibitor – DIA-10a, which proved to be specific only to HIV protease, as it did 

inhibit neither human cathepsin D, nor papain. DIA-10a showed mixed type of inhibition 

with low nanomolar Ki´ for wild type HIV protease. The follow up kinetic analysis of 

DIA-10a with highly mutated strain of HIV protease discovered partial resistance to this 

novel type of inhibitor (apparent Ki values is order of magnitude higher than with the wild 

type).  

In order to evaluate the binding mode of DIA inhibitors to HIV protease number of 

crystallization experiments were conducted, resulting in well diffracting crystals (2,2 Å). 

However, the electron density map could not be calculated from the diffraction patterns 

because the patterns were showing translational pseudosymmetry.  

To summarize, the DIA inhibitors are a new class of potential HIV therapeutics with 

low nanomolar inhibition constants for wild type HIV protease. Several issues, such as 

solubility and resistance profile, were revealed in this thesis and their solution is yet to be 

found.  
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9. Supporting Information 

 
 All spectra were measured in deuterated dimethyl sulfoxide on Viarian UNITYINOVA-

300 (1H at 299,94 MHz  and 13C at 75,43 MHz), except for compounds DIA-10, DIA-21, 

DIA-22, DIA-24, DIA-28 and DIA-29. Compounds DIA-21, DIA-22, DIA-24, DIA-28 and 

DIA-29 were measured at Bruker Avance 600 MHz at chemical department of Faculty of 

Science, Charles University by RNDr. Simona Hybelbauerová, PhD. NMR spectra for 

compounds DIA-10a and DIA-10b were measured on Institute of Organic Chemistry and 

Biochemistry by Ing. Šaman, PhD. at Bruker 500 MHz. 
 1H Spectra were measured in range from -1,0 ppm to 11 ppm, for 8 minutes. 13C 

spectra were measured in range from -5 ppm to 220 ppm usually overnight (10-12 hours).  

The spectra were referenced to signal from solvent, no internal standard was used (for 1H 

dimethyl sulfoxide signal was referenced to 2,50 ppm; for 13C 39,5 ppm). 1H spectra were 

integrated. All chemical shifts (δ) are in ppm units and all coupling constants in herzt [Hz] 

units. 

MS spectra (both ESI+ and ESI-) were measured using Bruker Esquire 3000+. 

  

 
DIA-1: 1H NMR:  8,85 s, 1 H (H1); 7,45-6,53 m 14 H (H12-15, H17-21, 

H24-28); 6,23 d, 1 H (H5), J = 6,0; 5,68 d, J = 6,0, 1 H (H4); 3,46 m, 1 H 

(H10); 3,05 m, 2 H (H11); 2,21 d, J = 15,9, 1 H (H9a); 2,08 d, J = 15,9, 

1 H (H9b)  
13C: 194.22 (C8); 163,22 (C7); 144,13-115,43 (C2-3,C12-27); 96,70 (C6); 

56,18 (C5); 43,73 (C9); 39,41 (C11); 35,43 (C10); 

Calculated molecular weight is 366,46 and monoisotopic weight is 366,17. ESI+ mass 

spectroscopy m/z 389,2 [M+Na]+; ESI- mass spectroscopy m/z 365,1 [M-H]-. 

 

DIA-2: Both diastereomers (a, b) have almost identical spectra, very difficult to 

distinguish: 
1H NMR: 8,31 s, 2 H (H1, H1 )́, 7,42-6,67 m, 30 H (H5, H5 ,́H12-15, H17-21,H23-27, H12´-15 ,́ 

H17´-21 ,́ H23´-27 )́;  3,04 m, 2 H (H11a, H11a )́; 2,94 m, 2 H (H11b, H11b )́; 2,57 m, 2 H (H10, H10 )́; 

2,31 m, 4 H (H9, H9 )́;  
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13C: 191,56 (C8, C8 )́; 162,64 (C28, C28 )́; 153,62 (C7, C7 )́; 

142,97-114,62 (C2-3, C12-15, C16-21, C22-27, C2´-3 ,́ C12´-15 ,́ 

C16´-21  ́C22´-27 )́; 107,22 (C6, C6 )́; 53,84 (C5, C5 )́; 42,18 (C9, 

C9 )́; 37,92 (C10, C10 )́; 37,41 (C11, C11 )́ 

Calculated molecular weight is 786,91 and monoisotopic 

weight is 786,32 . ESI+ mass spectroscopy m/z 809,3 

[M+Na]+; ESI- mass spectroscopy m/z 785,2 [M-H]-. 

 

 

DIA-9:  1H NMR:  8,74 s, 1 H (H1); 7,10-6,49 m, 9 H (H12-15, H17-21,); 

6,16 d, J = 6,0, 1 H (H5); 5,79 d, J = 6,0, 1 H (H4); 2,58 s, 2 H (H11); 2,90 

m, 2 H (H9); 1,08 s, 3 H (H22); 1,03 s, 3 H (H23);
   

13C: 192,33 (C8); 155,01 (C7); 144,99-119,73 (C2-3,C12-21); 110,16 (C6); 

56,18 (C5); 49,77 (C9); 44,38 (C11); 32,06 (C10); 28,82 (C22); 27,72 (C23);  

Calculated molecular weight is 318,41 and monoisotopic weight is 318,17. ESI+ mass 

spectroscopy m/z 341,4 [M+Na]+; ESI- mass spectroscopy m/z 340,3 [M-H]-. 

 

 

 

DIA-10a (5S,5´S; 5R, 5´R): 1H NMR: 8,23 bs, 2 H (H1, H1 )́; 

7,13-7,10 m,  2 H (H13, H13 )́; 7,10 s, 2 H (H5, H5 )́;  7,09-7,05 m, 

4 H, (H18, H18´,H20, H20 )́; 7,02-6,98 m, 2 H (H12, H12 )́; 7,02-6,98 

m, 2 H (H15,H15 )́; 6,80-6,77 m, 4 H (H17, H17´,H21, H21 )́; 6,67 bt, 

J=7,3, 2 H (H14, H14 )́; 6,67-6,65 m, 2 H (H19, H19 )́; 2,35 d, 

J=16,8, 2 H (H11a, H11a )́; 2,19 d, J=16,8, 2 H (H11b, H11b )́; 2,04 d, 

J=15,6, 2 H (H9a, H9a )́; 2,02 d, J=15,6, 2 H (H9b, H9b )́; 1,03 s, 6 H (H22, H22 )́; 0,99 s, 6 H 

(H23, H23 )́;  
13C: 192,41 (C8, C8 )́; 162,77 (C24, C24 )́; 153,09 (C7, C7 )́; 139,20 (C16, C16 )́; 137,09 (C2, 

C2 )́; 129,32 (C19, C19 )́; 127,83 (C13, C13 )́; 127,83 (C20, C20 ,́C18, C18 )́; 127,28 (C17, C17´,C21, 

C21 )́;  126,80 (C3, C3 )́; 126,72 (C15, C15 )́; 121,96 (C14, C14 )́; 120,45 (C12, C12 )́; 106,34 (C6, 

C6 )́; 53,09 (C5, C5 )́; 49,36 (C9, C9 )́; 43,86 (C11, C11 )́; 31,32 (C10, C10 )́; 29,32 (C22, C22 )́; 

26,70 (C23, C23 )́; 

Calculated molecular weight is 690,83 and monoisotopic weight is 890,32. ESI+ mass 

spectroscopy m/z 713,3 [M+Na]+; ESI- mass spectroscopy m/z 689,3 [M-H]-. 
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DIA-10b (5R,5´S): 1H NMR: 9,14 bs, 2 H (H1, H1´); 7,18-7,12 m,  

2 H (H19, H19 )́; 7,17 bt, 2 H, J=7,4 (H13, H13 )́; 7,12 bd, 2 H 

J=7,12 (H12, H12 )́; 7,03-6,98 m, 4 H (H18, H18´, H20, H20 )́; 

7,02-6,98 m, 2 H (H15, H15 )́; 6,92 s, 2 H, (H5, H5 )́; 6,82 bt, 2 H, 

J=7,3 (H14, H14 )́; 6,67-6,60 m, 4 H, J=7,4 (H17, H17´, H21, H21 )́; 

2,69 d, 2 H, J=16,4 (H11a, H11a )́; 2,51 d, 2 H, J=16,4 (H11b, H11b )́; 

2,15 d, 2 H, J=15,8 (H9a, H9a )́; 2,05 d, 2 H, J=15,8 (H9b, H9b )́; 1,07 s, 6 H, (H22, H22 )́ ; 0,95 

s, 6 H, (H23, H23 )́;  
13C: 192,80 (C8, C8 )́; 162,59 (C24, C24 )́; 153,50 (C7, C7 )́; 139,26 (C16, C16 )́; 138,26 (C2, 

C2 )́; 129,75 (C19, C19 )́; 128,25 (C13, C13 )́; 127,75 (C20, C20 ,́C18, C18 )́; 127,38 (C17, C17´,C21, 

C21 )́;  127,09 (C3, C3 )́; 126,66 (C15, C15 )́; 122,46 (C14, C14 )́; 120,36 (C12, C12 )́; 107,18 (C6, 

C6 )́; 54,98 (C5, C5 )́; 49,32 (C9, C9 )́; 43,74 (C11, C11 )́; 31,65 (C10, C10 )́; 28,16 (C22, C22 )́; 

27,32 (C23, C23 )́; 

Calculated molecular weight is 690,83 and monoisotopic weight is 890,32. ESI+ mass 

spectroscopy m/z 713,3 [M+Na]+; ESI- mass spectroscopy m/z 689,3 [M-H]-. 

 

 

 

DIA-21: 1H NMR: 8,66 s, 1 H (H1); 6,92 d, J =8,3, 2 H (H20, H18); 6,86 d, 

J = 7,7, 1 H (H12); 6,55 m, 1 H (H14); 6,52 d, 2 H, J = 8,0 (H21, H17); 6,51, 

1 H (H13); 6,46 d, 1 H,  J = 7,6 (H15); 6,02 d, 1 H, J = 6,0 (H4); 5,61 d, 1 H, 

J = 5,9 (H5); 2,53 s, 2 H (H11), 2,16 d, 1 H, J = 15,9 (H9a); 2,05 d, 1 H, J = 

15,9 (H9b); 1,04 s, 3 H (H22); 1,00 s, 3 H (H23); 0,84 s, 9 H (H26); 0,05 s, 6 

H (H24);  
13C: 191,89 (C8); 154,59 (C7); 152,90 (C19); 138,69 (C3); 137,62 (C16); 131,08 (C2); 128,28 

(C21, C17); 122,45 (C14); 120,52 (C15); 119,83 (C12); 119,34 (C13);  118,76 (C20, C18); 110,37 

(C6); 55,26 (C5); 49,47 (C9); 44,05 (C11); 31,71 (C10); 28,44 (C22); 27,47 (C23); 25,46 (C26); 

17,77 (C25); -4,62 (C24);  

Calculated molecular weight is 448,67 and monoisotopic weight is 448,26. ESI+ mass 

spectroscopy m/z 471,3 [M+Na]+; ESI- mass spectroscopy m/z 447,3 [M-H]-. 
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DIA-22a: 1H NMR: 8,19 s, 2 H (H1, H1 )́, 7,14-6,44 m, 16 H 

(H5, H12-15, H17-18, H20-21, H5´, H12´-15 ,́ H17´-18 ,́ H20´-21 )́; 6,77 s, 

2 H (H4, H4 )́; 2,63 d, J = 16,3, 2 H (H11a, H11a )́; 

2,46 d. J = 16,3, 2 H (H11b, H11b )́; 2,09 d, J = 16,8, 2 H (H9a, 

H9a )́; 2,00 d, J = 15,8, 2 H (H9b, H9b )́; 1,02 s 6 H, (H22, H22 )́; 

0,90 s 6 H, (H23, H23 )́; 0,81 s 18 H, (H26, H26 )́; 0,00 s 6 H 

(H24, H24 )́; 
13C: 192,90 (C8, C8 )́; 162,52 (C27, C27 )́;  153,74 (C7, C7 )́; 138,33-119,26 (C2-3, C12-15, C16-21, 

C2´-3 ,́ C12´-15 ,́ C16´-21 )́; 107,51 (C6, C6 )́; 54,58 (C5, C5 )́; 49,39 (C9, C9 )́; 43,77 (C11, C11 )́; 

31,78 (C10, C10 )́; 28,33 (C22, C22 )́; 27,38 (C23, C23 )́; 25,45 (C26, C26 )́; 17,81 (C25, C25 )́; 

(C22, C22 )́; -4,69 (C24, C24 )́; The spectra of both DIA-22a and DIA-22b are almost identical. 

The main difference is the signal from H1, that differs by 1 ppm (for DIA-22b it is 9,13s).  

Calculated molecular weight is 951,35 and monoisotopic weight is 950,48. ESI+ mass 

spectroscopy m/z 973,5 [M+Na]+; ESI- mass spectroscopy m/z 949,5 [M-H]-. 

 

 

DIA-24a: The spectra of DIA-24a and DIA-24b are almost 

identical. The main difference is, that the signal from H1 and H24 

differ by 1 ppm (for DIA-24b it is 9,13s – same as DIA-22b). 
1H NMR: 8,13 s, 4 H (H1, H1´, H24, H24 )́, 7,17-6,28 m, 16 H (H12-

15, H17-18, H20-21, H12´-15 ,́ H17´-18 ,́ H20´-21 )́; 6,77 s, 2 H (H5, H5 )́; 

2,65 d, J = 16,3, 2 H (H11a, H11a )́; 2,50 m, 2 H (H11b, H11b )́; 2,12 

d J = 15,9, 2 H (H9a, H9a )́; 2,03 d, J = 15,8, 2 H (H9b, H9b )́; 1,05 s 6 H, (H22, H22 )́; 0,94 s 

6 H, (H23, H23 )́;  
13C: 192,84 (C8, C8 )́; 162,58 (C25, C25 )́;  155,92 (C19, C19 )́; 153,92 (C7, C7´); 138,36-114,62 

(C2-3, C12-15, C16-18, 20-21, C2´-3 ,́ C12´-15 ,́ C16´-18´, 20´-21)́; 107,86 (C6, C6 )́; 54,55 (C5, C5 )́, 49,44 

(C9, C9 )́; 43,79 (C11, C11 )́; 31,80 (C10, C10 )́; 28,25 (C22, C22 )́; 27,49 (C23, C23 )́;  

Calculated molecular weight is 722,83 and monoisotopic weight is 722,31. ESI+ mass 

spectroscopy m/z 745,3 [M+Na]+; ESI- mass spectroscopy m/z 721,3 [M-H]-. 
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DIA-26a: The spectra of DIA-26a and DIA-26b are almost 

identical. The main difference is, that the signal from H1 differ 

by 1 ppm  (9,15 s for DIA-26b). 1H NMR: 8,31 s, 2 H (H1, 

H1 )́; 7,16-6,67 m, 16 H (H12-15, H17-18, H20-21, H12´-15 ,́ H17´-18 ,́ 

H20´-21 )́; 7,01 s, 2H (H5, H5 )́;4,25 s, 2 H (H24a, H24a )́; 4,22 s, 2 

H (H24b, H24b )́; 4,03 kv, J=7,5, 8 H (H25, H25 )́;  2,33 bd, 

J=15,6, 2 H (H11a, H11a )́; 2,18 bd, J= 15,6, 2 H (H11b, H11b )́; 

2,01 bs, 4 H (H9, H9 )́; 1,18 t, J=6,6, 12 H (H26, H26 )́; 1,02 s 6 H, (H22, H22 )́; 0,96 s 6 H, 

(H23, H23 )́;  
31P NMR: 19,63 s (19,68 for DIA26b) 
13C NMR: 192,50 (C8, C8´); 162,87 (C27, C27 )́;  157,04 (C19, C19 )́; 153,79 (C7, C7 )́; 137,20-

114,01 (C2-3, C12-15, C16-18, 20-21, C2´-3 ,́ C12´-15 ,́ C16´-18´, 20´-21)́; 106,59 (C6, C6 )́; 62,04 (C25, 

C25 )́, 61,55 (C24, C24 )́, 53,10 (C5, C5 )́, 49,44 (C9, C9 )́; 43,80 (C11, C11 )́; 31,80 (C10, C10 )́; 

29,59 (C22, C22 )́; 26,68 (C23, C23 )́; 16,22 (C26, C26 )́; 

Calculated molecular weight is 1023,05 and monoisotopic weight is 1022,40. ESI+ mass 

spectroscopy m/z 1045,5 [M+Na]+;  ESI- mass spectroscopy m/z 1021,5 [M-H]-. 

  

DIA-27:  1H NMR:  8,63 s, 1 H (H1); 7,02-6,65 m 4 H (H12-15,); 5,67 t, 1 

H (H4) J = 3,0; 3,82 d, 2 H (H5), J = 3,0; 2,44 s, 2 H (H11); 2,08 s, 2 H 

(H9); 1,00 s, 6 H (H16,17);
   

13C: 192,00 (C8); 154,82 (C7); 141,99-119,09 (C2-3,C12-15); 108,48 (C6); 

49,49 (C9); 43,64 (C11); 42,74 (C5); 31,73 (C10); 27,86 (C16,17);  

Calculated molecular weight is 242,32 and monoisotopic weight is 242,14. ESI- mass 

spectroscopy m/z 241,1 [M-H]-. 

 

DIA-28: 1H NMR: 8,24 s, 2 H (H1, H1 )́; 7,25-6,86 m, 8 H (H12-15, 

H12´-15 )́; 5,57 d, J = 14,6, 4 H (H5, H5 )́; 2,54 s, 4H (H11,H11 )́; 2,17 

d, J=16,6, 2 H (H9a, H9a )́; 1,96 d, J = 15,4, 2 H (H9b, H9b )́; 1,03 s 

6 H, (H22, H22 )́; 0,86 s 6 H, (H23, H23 )́;  
13C: 192,36 (C8, C8 )́; 162,55 (C25, C25 )́; 153,32 (C7, C7 )́; 138,16-

120,87 (C2-3, C12-15, C2´-3 ,́ C12´-15 )́; 105,28 (C6, C6 )́; 49,48 (C5, 

C5 )́, 49,44 (C9, C9 )́; 43,41 (C11, C11 )́; 29,70 (C10, C10 )́; 26,31 (C22, C22 )́; 25,12 (C23, C23 )́; 

Calculated molecular weight is 538,64 and monoisotopic weight is 638,25. ESI+ mass 

spectroscopy m/z 561,3 [M+Na]+;  ESI- mass spectroscopy m/z 537,2 [M-H]-. 
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DIA-29: 1H NMR: 9,27 s, 2 H (H1, H1 )́, 7,12-6,27 m, 

18 H (H12-15, H17-21, H12´-15 ,́ H17´-21 )́; 7,05 s, 2 H (H5, 

H5 )́; 2,66 m,  2 H (H11a, H11a )́; 2,46 m, 2 H (H11b, 

H11b )́; 2,17 m, 2 H (H9, H9 )́; 1,05 s 6 H, (H22, H22 )́; 

0,94 s 6 H, (H23, H23 )́;  
19F NMR: 92,34 d  
13C: 192,84 (C8, C8 )́; 162,58 (C25, C25 )́;  155,92 (C19, C19 )́; 153,92 (C7, C7´); 138,36-114,62 

(C2-3, C12-15, C16-18, 20-21, C2´-3 ,́ C12´-15 ,́ C16´-18´, 20´-21)́; 107,86 (C6, C6 )́; 49,44 (C9, C9 )́; 43,79 

(C11, C11 )́; 31,80 (C10, C10 )́; 28,25 (C22, C22 )́; 27,49 (C23, C23 )́;  

Calculated molecular weight is 740,83 and monoisotopic weight is 740,32. ESI+ mass 

spectroscopy m/z 763,3 ESI [M+Na]+;  ESI- mass spectroscopy m/z 739,2 [M-H]-. 

 

 

DIA-30: 1H NMR: 9,10 bs, 1 H (H1´),  8,16 bs, 1 H (H1´); 7,33-6,51 

m, 13 H (H12-15, H12´-15 ,́ H17-21,); 7,04 s, 1 H (H5);  5,39 dd, J1 = 

14,4, J2=5,8 2 H (H5 )́; 3,01 d, J=14,4, 2H (H11 )́; 2,38-1,90 m, 6 H 

(H9, H11, H9 )́;  1,08-0,82 m 12 H, (H22, H23, H22´, H23 )́;  
13C: 192,69 (C8); 192,25 (C8 )́; 162,92 (C25); 162,31 (C25 )́; 153,79 

(C7); 153,12 (C7 )́; 139,24-119,39 (C2-3, C12-15, C16-21, C2´-3 ,́ C12´-

15 )́; 106,51 (C6); 105,30 (C6 )́; 53,35 (C5), 49,41 (C5 )́,  43,82 (C11); 41,79 (C11 )́; 31,53 

(C10); 31,39 (C10 )́; 27,54-26,31 (C22, C22 ,́ C23, C23 )́; 

Calculated molecular weight is 614,73 and monoisotopic weight is 614,29 ESI. ESI+ mass 

spectroscopy m/z 637,3 ESI [M+Na]+;  ESI- mass spectroscopy m/z 613,3 [M-H]-. 

 

 

 

 

 

 

 

 

 



 102 

Svoluji k zapůjčení této práce pro studijní účely a prosím, aby byla řádně vedena evidence 

vypůjčovatelů 
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